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SUMMARY
The aim of this research was to study the effect of pre-treatment and modification processes
on the properties of cellulose fibre for thermoplastic biopolymer composites application.
Natural cellulose bast fibre from hemp (Cannabis sativa L.) was selected as a potentially
strong material from sustainable and renewable resources. Both fibre modifications and
composite preparation were carried out in this study. The fibres were subjected to three main
treatments including chemical and grafting modification, enzyme scouring and mechanical
ball-milling. In addition, the composition, structure and thermal degradation of the fibres after
treatments were investigated. Thereafter, the composites were prepared from these modified
fibres. The following paragraphs will introduce the separate studies and results that are found
in the thesis
The first fibre treatment employed was acetone extraction and mercerization with 3–20% wt/v
sodium hydroxide. The main reason for acetone extraction and alkali treatment was to remove
impurities from fibres. These treatments cleaned the fibre surface for subsequent further
modification. A structural transformation of the fibers from cellulose I to cellulose II was
observed at high NaOH concentration of 10–20 % wt/v.
A low pressure acrylonitrile grafting initiated by azo-bis-isobutylonitrile was performed using
alkali treated fibre. The amount of grafting, 1.56, 2.94, 6.04, 8.34, or 10.46 %, was dependent
upon the initiator concentration and the volume of monomer in the reactor. The AN grafted
fibres had no transformation of crystalline structure as observed after mercerization. The
mechanical properties performed by a single fibre test method were strongly influenced by the
cellulose structure, lateral index of crystallinity, and fraction of grafting. The following study
aimed to use this process because it caused less disruption to the fibres and had lower impact
on the environment compared with mercerisation.
Bioscouring of hemp using pectate lyase (EC 4.2.2.2), Scourzyme L, was performed at 55 °C
and pH 8.5 in a nonagitated system. Greater enzyme concentration and a longer treatment
improved the removal of the low methoxy pectin component. Removal of pectate caused no
crystalline transformation in the fibres, except for a slight decline in the X-ray crystalline
order index. This corresponded well with the single fibre bundle tensile mechanical properties
test. Smooth surfaces and separated fibres were evidence of successful treatment, supported
by weight loss of a pectic substance at a lower temperature than cellulose. An increase in
surface area and pore size after scouring were further evidence of modification.
2The fibre was prepared for non-woven composite application therefore the shortening of fibre
by grinding and ball-milling was introduced to achieve a desired fibre size. A linear increase
in the specific surface area was observed; indicating the fibre bundles were being crushed and
disrupted into single fibres. An increase in the milling duration gradually destroyed the
crystalline structure of the cellulose fibres, observed by a reduction of the 002 plane intensity
in wide angle X-ray scattering measurements. The crystalline order index was decreased from
65 to 36 after milling for 330 min. An increase in solvent polarity, solvent-fibre ratio,
agitation speed and drying rate resulted in the rearrangement of the ball-milled cellulose
crystalline structure to a greater order. Moreover, an increase in the BET specific surface area
and the amorphous fraction improved the scouring efficiency of the ball-milled cellulose
using the pectate lyase enzyme.
The difference in fibre characteristics from various modifications provided different
properties. The comparative thermal stability of various modified fibres, therefore, were
monitored. The thermal degradation behaviour of hemp fibres under a nitrogen atmosphere
was investigated by using TGA. The kinetic activation energy of treated fibres was calculated
from TGA data by using a varied heating rate from 2.5 to 30 °C/min. The greater activation
energy of treated hemp fibre compared with untreated fibre represented an increase in purity
and improvement of structural order. A hydrophobic solvent affected the degree of non-
cellulosic removal.
Composites of regenerated cellulose and cellulose acetate butyrate using different modified
fibres were prepared and characterised. All hemp cellulose composites were prepared where
both the fibres and matrix were prepared from hemp. The all cellulose composites were
prepared by a mechanical blending technique followed by hot pressing and water-ethanol
regeneration. The alkali treated fibres were ground and sieved to a size ranging from 45 µm to
500 µm. Introduction of fibres into 12 % cellulose N-methyl-morpholine N-oxide (NMMO)
solution was performed at a low solution viscosity at 100 °C. The solid mixtures were cut and
heat pressed between heated glass and PTFE plates at 85 °C to obtain a flat smooth surfaced
composite sheet of approximately 0.2 mm thickness. The regeneration of cellulose was made
in a 50:50 of water-ethanol mixture, which subsequently removed NMMO and stabilizer
(Irganox 1010) from the composite. A broadening of the scattering of the main crystalline
plane, (002) and a depression of the maximum degradation temperature of the fibres were
observed. These revealed a structural change in the fibres arising from the preparation. The
3mechanical properties of composites depended on size, surface area, crystallinity and the
structural swelling of the fibres.
Composites of cellulose acetate butyrate (CAB) and modified hemp fibres were prepared
using an acetone casting technique and subsequently hot compression. Variation of CAB film
thickness and plasticizer content played a key role in the mechanical properties of the matrix.
Flexible CAB film was obtained by addition of tributyl citrate (TBC). Mechanical properties
and thermal stability of plasticized composites were decreased. Inclusion of various modified
fibres at 0.4 Vf without using plasticizer improved mechanical properties of the matrix.
Composites containing pectate lyase enzyme treated fibres showed better mechanical property
improvement than untreated and alkali treated fibres respectively. Composites containing the
shortest alkali treated fibre at a size of ~45 µm gave the highest mechanical property
improvement. Hot pressing provided more compact composite structures. Ball-milling of the
fibres created more surface area, but a structural disruption occurred that caused a decrease in
mechanical properties in this composite. Nevertheless enzyme treated ball-milled fibres
showed better mechanical properties as observed in ground fibre of 100 µm size.
Hemp fibres have been modified by various extraction, swelling, chemical and enzymatic
treatments. The morphology and mechanical properties of the modified fibres have been
measured. Biopolymer composites have been prepared using the modified fibres and matrices
of cellulose acetate butyrate and cellulose solutions derived from hemp.
CHAPTER 1  
Introduction 
 
1.1 Overview 
Cellulose is regarded as the most abundant polymer in nature and it is produced by plants, 
green algae and some bacteria (Jonas and Farah 1998). The base molecule cellulose is 
structured on β-1,4-glycosidic-linked glucose units. The use of cellulosic materials as 
reinforcements for thermoplastic polymers offers a number of important advantages (Bledzki 
and Gassan 1999; Van De Velde and Baetens 2001). 
There are many international research projects being undertaken to understand the properties 
of natural cellulosic fibres and composite materials (Eichhorn and Baillie 2001). This may 
result from the biodegradability and compostability regulations and standard test methods for 
polymeric materials have been established (Pagga 1998; Sawada 1998). In fact, the vast 
majority of existing materials is based on nonrenewable fossil resources, which will 
eventually be depleted. Furthermore, the manufacturing of synthetic polymers and their 
disposal by incineration produce CO2 and contribute to global warming. Conversely, the 
resource of natural cellulose fibres is renewable hence it is suitable for future and sustainable 
development.  
The automobile industry has begun to apply natural fibre reinforced composites (NFRC) in a 
variety of exterior and interior applications. An example is a lining consisting of a hemp 
composite that has more ecological advantages than an acrylonitrile-butadiene-styrene (ABS) 
die-cast member, with respect to the demand for materials and use of energy (Wotzel et al. 
1999). The significant weight saving, the ease of production and low cost of the constituent 
materials have made NFRCs attractive alternative materials to glass and carbon fibre 
reinforced composites. In addition, a biopolymer matrix from polyester can be biodegraded to 
water and carbon dioxide by many aerobic and anaerobic polyester-degrading 
microorganisms (Jendrossek 1998; Seidenstucker and Fritz 1998).  
In order to successfully meet the environmental problems and requirements, embedding the 
fibres, e.g. flax hemp, ramie, etc. into a biopolymer matrix made of derivatives from lactic 
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acid, cellulose, starch, etc., new fibre reinforced materials called biopolymer composites, can 
be created and these are under development. These materials are designed to meet the 
processing requirements for commonly used manufacturing techniques, e.g. pressing, 
injection moulding etc. and can be used as construction or packaging materials (Herrman et 
al. 1998; Riedel and Nickel 1999; Averous et al. 2001). Their properties depend on the 
interfacial adhesion between the fibre and the matrix. Unfortunately, their hydrophilic nature 
causes a poor dispersion and adhesion between fibres and matrix. To achieve the application 
performance, an improvement in surface interaction is required.  
Many treatments and modifications, therefore, are introduced onto the fiber to enhance these 
properties (Rowell 1998; Mohanty et al. 2001). Dewaxing, alkaline treatment, vinyl grafting, 
aldehyde crosslinking, isocyanate treatment and treatment with coupling agents are useful 
ways to improve fibre-matrix adhesion in natural fibre composites (Samal and Bhuyan 1994; 
Mohanty et al. 2000; Abdelmouleh et al. 2002; Colom and Carrillo 2002; Mwaikambo and 
Ansell 2002). Unfortunately, the chemical treatments not only improve the surface 
characteristics of cellulose fibre but also effect the crystalline structure inside, which is of 
importance to the mechanical properties of the fibres (Baiardo et al. 2002; Colom and Carrillo 
2002; Mwaikambo and Ansell 2002). 
Only a few studies on the crystalline structure of the cellulose fibre, which have been changed 
by chemical modification, have been published to date (Tasker and Badyal 1994; Crawshaw 
and Cameron 2000; Baiardo et al. 2002). Because these studies concentrated mostly on the 
end-result, the actual effect of modification procedure on the crystalline structure of the 
cellulose fibres was not focussed. 
This project was undertake a more thorough study aimed at unraveling this feature. Different 
types of cellulose modifications were carried out in this project and the reversibility of 
crystalline structure of the natural and derived cellulose fibre was studied after the 
modification. Fibre diffraction (Muller et al. 1998), moisture regain (Zeronian et al. 1983), 
and FTIR spectra (O'Connor et al. 1957) were the methods of choice for crystal structure 
determination of the fibres of interest.  
A better understanding of cellulose fibre microstructure changed by modification will be 
achieved from this research and will provide useful knowledge for supporting these 
environmentally friendly materials. 
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1.2 Aim of the thesis  
To study the effect of pretreatment and modification processes on the structure and properties 
of cellulose fibres and the biopolymer composites made from the modified fibres. 
 
1.3 Objectives  
The objectives of this thesis are to: 
• Modify natural cellulose fibres for application in thermoplastic composites 
• Remove non-cellulose components from fibre surface 
• Grafting of cellulose fibres by polymerisation with acrylonitrile monomer that provide 
polyacrylonitrile to bond with matrix polymers 
• Study the change of cellulose morphology with the applied modifications 
• Study the thermal stability of modified cellulose fibres 
• Prepare composites from regenerated cellulose and derivative of cellulose with the 
modified fibres 
• Study the modulus, yield stress and strain and creep recovery of modified cellulose 
fibres and composites respectively 
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1.4 Structure of the thesis  
This thesis has three main sections and in total it consists of ten chapters. The first section is 
Chapters 1, 2, and 3 that represent the introduction, literature review and characterisation 
techniques, respectively. Chapter 1 contains a general introduction of the thesis. The aim and 
objectives are provided including the structure of the thesis. Chapter 2 is the background and 
literature review of thermoplastic biopolymer composites. A knowledge of cellulose structure, 
composition, modification and composites are provided. Chapter 3 provides details of the 
characterisation techniques employed. 
The second section consists of Chapters 4, 5, and 6 involving experimental work on fibre 
modifications and characterisations for composite applications. The investigation of different 
modifications conducted by chemical, biological and mechanical treatments on hemp fibres 
were presented. Chapter 4 is the preliminary work for this thesis on chemical modification of 
fibres by solvent extraction, alkalisation and acrylonitrile grafting of hemp (Cannabis sativa 
L) fibres using a low-pressure solvent-free grafting technique. The research was then directed 
towards more environmentally sustainable modification processes. Therefore the bio-chemical 
modification of hemp using pectate lyase enzyme (EC 4.2.2.2), Scourzyme L was performed. 
The enzyme concentration, treatment time and substrate concentration were varied to obtain 
the kinetic constants. The effect of chemical and biological modifications on the fibre 
properties was studied. The results are presented in Chapter 5. Chapter 6 is the investigation 
of the mechanical ball-milling of fibre. The structural disruption and recrystallisation of 
processes fibres were studied. The change of structure-properties depended on type of 
modifications, and structural changes were characterised by the various techniques explained 
in Chapter 3. 
The last section was Chapters 7, 8, 9 and 10. Chapter 7 presents the thermogravimetric 
analysis of the modified fibre. Thermal stabilities of selected fibres from different treatments 
in Chapters 4, 5 and 6 were investigated. Chapter 8 and 9 present the preparation of 
composites using regenerated cellulose and cellulose ester as a matrix respectively. Chapter 8 
describes the study of composites with all compositions derived from cellulose using the N-
methyl-morpholine N-oxide (NMMO) process. Chapter 9 presents the study of thermoplastic, 
cellulose ester reinforcement by modified cellulose fibre obtained from the preparations in 
Chapters 4-6. The effect of fibre modification on tensile mechanical properties of composites 
was discussed. Chapter 10 involves the conclusions of the research and recommendations for 
further studies.   
CHAPTER 2 
Background and Literature Review 
2.1 Introduction 
This chapter aims to provide information on thermoplastic biopolymer composites based on 
natural cellulose. A knowledge of cellulose structure, composition, properties and 
modification for composite application are provided. The literature review is presented in a 
observational form. More specific reviews will be presented in each particular chapter.  
2.2 Thermoplastic biopolymer composites based on natural cellulose 
Interest in composite manufacturing has recently shifted towards the use of natural cellulose 
fibres as reinforcing material because of their environmental benefits. Biodegradable 
cellulose-based plastic composites are receiving increased attention from materials 
availability and sustainability point of view. Strength and biodegradability of composites are 
desirable for the embedded reinforcing fibre and the selected matrix. Use of a biodegradable 
matrix is worth considering since this would result in a completely biodegradable composite. 
2.2.1 Matrix of biopolymer composites  
The matrix phase plays a crucial role in the performance of polymer composites. Both 
thermosets and thermoplastics are attractive as matrix materials for composites. In thermoset 
composites, formulation is complex because a large number of components are involved; 
however, the enhancement in the properties is remarkable. Thermoplastics offer many 
advantages over thermoset polymers. One of the advantages of thermoplastic matrix 
composites is their low processing cost. Other are design flexibility and ease of moulding 
complex parts (Nabi Saheb and Jog 1999). 
Selection of a suitable thermoplastic biopolymer matrix for cellulose fibre reinforced 
composites is crucial. Several aspects are of concern. A biodegradable polymer can be made 
from petroleum feedstocks such as a polyester amide (Bayer’s BAK polymer), 
Polycapolactone (PCL) and Dupont Biomax copolyester (Mohanty et al. 2001). The matrix 
can be derived from renewable resources, such as poly(lactic acid) (PLA), 
9poly(hydroxyoctanoate) (PHO) and poly(3-hydroxybutyrate) (PHB) providing significant 
energy saving and easy degradation by hydrolysis.  
These polymers can provide suitable composite density, mechanical properties and 
temperature related properties (Van De Velde and Kiekens 2002). Nevertheless brittleness 
and slow crystallisation of PHB inconvenience its processability. The copolyesters of PHB 
and poly(3-hydroxyvalerate) (PHV) show an increasing flexibility. However high cost has 
limited PHB and its copolyester from commercialisation. Furthermore no improvement in the 
tensile strength of the poly(3-hydroxybutyrate-co-hydroxyvalerate) (PHBV) could be found 
using hemp cellulose as reinforcing fibre (Keller 2003). Interfacial properties dominate 
composite strength and theoretically hemp should improve its strength. This is a recurring 
problem for most biocomposites at present. 
There are numerous biodegradable polymers as mentioned above. Nevertheless the price of 
PLA and PHB copolymers is relatively higher than cellulose esters. Thermoplastically 
processable cellulose derivatives such as ester can be used for conventional processing. 
Therefore the one derived from the cellulose has been considered. The selection of a matrix 
polymer is based on availability, sustainability and compatibility with cellulose fibres.  
Basically two main groups of cellulose-materials can be distinguished; regenerated cellulose 
and cellulose ester. Apart from cellulose thermoplastic biopolymer composites, we also 
considered a cellulose fibre reinforced regenerated cellulose composite. The regenerated 
cellulose is suitable for fibre and film production. The advantage of this material is a solvent 
process using N-methyl morpholine N-oxide as a solvent. This process has less environmental 
impact and the composite could be prepared at a subsequent stage. Therefore regenerated 
cellulose and cellulose ester were chosen to prepare a composite with modified fibres. 
2.2.2 Natural cellulose fibres for composite application 
Natural cellulose fibres provide a wide range of applications in composite materials such as 
materials for construction (Riedel and Nickel 1999), automotive parts and interior 
components (Margurno 1999; Wotzel et al. 1999) and food packaging (Averous et al. 2001). 
The strongest potential for cellulose products originates from the combination of their low 
cost, biodegradability, renewability, and high specific strength. It is very likely that cellulose 
will be a major chemical resource for the future (Schurz 1999).  
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One factor that affected the properties of fibre is the part of the plant from which the fibre 
originated. Bast plants are characterised by long, strong fibre bundles that comprise the outer 
portion of the stalk. The word bast refers to the outer portion of the stem of these plants. Bast 
plants include flax, hemp, kenaf, ramie and jute. Overall advantages of bast plant are high 
specific strength, long fibre length and high fibre productivity rates. The choice of the fibre 
for plastics applications depends on the availability of the fibre in the region and also on the 
ultimate composite properties needed for the specific application. 
2.1.2.1 Hemp fibre 
Hemp (Cannabis sativa L.), a non-woody plant, has long been considered as a potential fibre 
source and a substitute for the pulp and paper industry. The natural cellulosic bast fibres from 
hemp show a strong potential, particularly in applications demanding substantial strength .  
The first legal hemp seeds were planted in South Australia in 1995. Industrial hemp with 
tetrahydrocannabinol (THC) lower than 0.3% was permitted to be grown in other states. 
Australian Hemp Resource and Manufacture (AHRM) reached a significant milestone with 
AHRM’s trials of subtropical hemp, grown in Tasmania, Victoria, Western Australia, New 
South Wales and two sites in Queensland. Importantly, these varieties reached yield targets of 
greater than 10 ton per hectare of cut stalk (air dried) establishing hemp as a potentially viable 
agricultural crop in Australian farming regions. The fibre obtained was a green-dried stalk 
after decortication. Dry matter yield was 90% of field-dried yields.  
The advantages of hemp fibre were low water consumption, no need of pesticide and annual 
crops. These resulted in a possibility of hemp fibre to be a renewable cellulose resource in 
Australia. Wang investigated the integration of the chemical process into the cotton open-end 
spinning system using Australian hemp for textile application (Wang 2002). As a natural 
product, a complex fibre composite was created via biosynthesis (Figure 2.1) (Nishimura 
2005). 
2.1.2.2 Hemp morphology 
The bast fibres in hemp are bound by a central lamella and arranged in bundles, separated by 
the cortex parenchyma cell with pectic- and hemicellulosic-rich cell wall. The morphology of 
hemp fibre is shown in Figure 2.2. The elementary fibre is made up of one phloem cell 5-55 
mm in length and the thickness is about 20 ?m (Hamad 2002).  
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Figure 2.1 Schematic representation of a cellulose stem. 
Figure 2.2 Morphology of hemp fibre. 
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2.1.2.3 Non-cellulosic composition 
The natural fibres are ligno-cellulosic in nature. Three major non-cellulosic compositions 
presented in the natural fibre are hemicellulose, lignin and pectin (Haigler 1985). These 
compositions depended on the type and time of cultivation.  
2.1.2.3.1 Hemicellulose  
The hemicelluloses have linear polysaccharide backbones, often but not always 
homopolymers, that are composed of ?-1,4- linked xylose, glucose, or mannose units; ?-1,4- 
glucan, mannan, and acetylated xylan can assume the same two-fold screw axis and 1.03 nm 
linear repeat unit, which facilitates hydrogen bonding with the microfibrils.  
2.1.2.3.2 Lignin 
Lignin is a complex aromatic polymer with molecular weight of about 11,000 g/mol that is 
formed by the three-dimension polymerisation of cinnamyl alcohols (derivative of 
phenylpropane). Lignin is deposited in the wall during secondary wall synthesis and signals 
the end of cell expansion.  
2.1.2.3.3 Pectin 
The pectin fraction includes the polygalacturonosyl-containing polysaccharides and other 
polysaccharides that are covalently associated with them. Up to 80% of the carboxyl groups 
of the galacturonic acid residues exist as methyl ester and some hydroxyl groups may be 
acetylated.  
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2.3 Structure and properties of cellulose  
This section provides a relationship between structure and properties of cellulose fibre. There 
are many factors that effect agro-fibre properties. It is well known that different parts of 
plants have different chemical and physical properties. Chemical compositions and fibre 
properties of plant tissue taken from the roots, stem, trunk and leave are different (Rowell et 
al. 2000). 
2.3.1 Cellulose structure (Zugenmaier 2001) 
2.3.1.1 Molecular structure 
Cellulose isolated from native sources is always polydisperse, i.e. it consists of a mixture of 
macromolecules with a wide distribution of chain lengths. Cellulose is a linear syndiotactic 
homopolymer composed of D-anhydroglucopyranose units (AGU), which are linked together 
by ?-(1?4)-glycosidic bond. Each of AGUs possesses hydroxy groups at C-2, C-3 and C-6 
positions (Figure 2.3).  
The hydroxy groups at both ends of the cellulose chain show different behaviours. The C-1 
end has reducing properties, while the glucose end group with a free C-4 hydroxy group is 
nonreducing. The bridging and the ring oxygen atom are predominantly involved in intra- and 
intermolecular interactions, mainly hydrogen bonds, and in degradation reactions. The 
conformation of the AGU in the cellulose chain is generally assumed to be 
4
C1 chair 
conformation. In this conformation the free hydroxyl groups are positioned in the ring plane 
(equatorial), while the hydrogen atoms are in the vertical position (axial) (Klemm et al. 1998). 
Figure 2.3 Chemical structure of cellulose. 
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Figure 2.4 Cellulose I structure shows parallel main chain arrangement and hydrogen bonding. 
Figure 2.5 Model of fibre morphology; FA = fibre axis; MU = morphological units, 
fibrillar aggregates of high lateral order and low accessibility; 
MI = molecular interlinks of low lateral order and high accessibility; 
FI = fibrillar interlinks of high lateral order and low accessibility. 
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2.3.1.2 Supramolecular and crystalline structure 
Natural cellulose fibre has the cellulose I structure. The hydrogen bonds are present between 
the crystalline sheets of cellulose I that aligned parallel each other (Figure 2.4) (Woodcock 
and Sarko 1980).  
The cellulose chains have a strong tendency to aggregate in highly ordered structural entities 
due to their chemical constitution and spatial conformation. Generally, the cellulose fibre 
contained both amorphous and crystalline fractions with various degrees of crystallinity. The 
proposed fibrillar model of cellulose is presented in Figure 2.5 (Krassig and Kitchen 1961). 
2.3.2 Mechanical properties of cellulose 
The mechanical properties of natural cellulose fibre depend on the composition, morphology 
and crystalline structure. Table 2.1 shows the mechanical properties dependent on type of 
natural cellulose fibres (Mohanty et al. 2001). 
The fibrillar model suggested that the following relationships exist between fibre morphology 
and tensile properties. The tensile properties are related to the number of interlinks between 
the morphological units, the alignment with respect to the fibre axis (degree of orientation) 
and the perfection of spatial arrangement (degree of crystallinity) of the molecules composing 
the fibre structure. The better the lateral arrangement along the fibre axis and the better the 
spatial arrangement, the more uniformly will a stress be distributed, giving higher tensile 
strength. 
Table 2.1 Mechanical properties of some natural cellulose fibres. 
Fibre
Density 
(g/cm
3
)
Tensile strength 
(MPa)
Young Modulus 
(GPa) 
Elongation at 
break (%) 
Cotton 1.5-1.6 287-800 5.5-12.6 7.0-8.0 
Jute 1.3-1.45 393-773 13-26.5 1.16-1.5 
Flax 1.5 345-1100 27.6 2.7-3.2 
Hemp - 690 - - 
Ramie 1.50 400-938 61.4-128 1.2-3.8 
Sisal 1.45 468-640 9.4-22.0 3-7 
Coir 1.15 131-175 4-6 15-40 
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Figure 2.6 Stress-strain curve of cellulose with different crystalline structure. 
Chemical treatments of ramie fibre caused the transformation of cellulose to different 
crystalline types (Ishikawa et al. 1997). The elastic modulus of the crystalline regions of 
various cellulose polymorphs in the direction parallel to the chain axis measured by X-ray 
diffraction was different. It is clear that the crystal modulus changed drastically depending on 
the crystal modification. This indicates that the skeletons of these polymorphs are completely 
different from each other from the mechanical point of view. 
Figure 2.6 shows the stress-strain curves for the crystal lattice of cellulose at 25 °C (Nishino 
et al. 1995). All curves were linear through the origin, and the lattice extensions were always 
reversible. From the slope of each curve, the crystal modulus is obtained as shown in the 
figure. The crystalline modulus of native cellulose (cellulose I) measured by X-ray diffraction 
is 138 GPa and that of regenerated cellulose (cellulose II) is 88 GPa.  
The high modulus of the cellulose chain was identified to that originating from the role of 
intramolecular hydrogen bonding (Tashiro 1996). The modulus is not affected significantly 
even when all intermolecular interactions are neglected.  
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Deletion of intramolecular hydrogen bonds were found to give a modulus only about 40% of 
the original modulus obtained with all the inter- and intra-molecular interactions taken into 
account. Ignoring intramolecular hydrogen bonds induces facile internal twisting around the 
inter-ring ether linkages when the chain is stretched (Figure 2.7 b). Chain deformation 
through internal twisting is prevented when intra-molecular interaction are introduced i.e. 
chain deformation occurred via bond angle deformation of the ether linkage (Figure 2.7 a).  
Figure 2.7 Tension induced molecular deformation of and the corresponding  
strain energy distribution calculated for the cellulose chain  
(a) with and (b) without intramolecular hydrogen bonds. 
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Figure 2.8 Competing pathways for cellulose pyrolysis. 
2.3.3 Thermal degradation 
Thermal degradation of cellulose has considerable attraction for different reasons. Pyrolysis 
or thermal degradation of cellulose involves a sequence of concurrent and consecutive 
reactions. These reactions could be grouped into basically three different pathways (Figure 
2.8). The first pathway, which takes place at low temperature, results in decomposition of the 
glycosyl units of cellulose by evolution of water, carbon dioxide and carbon monoxide and 
eventual formation of charred residue. It is difficult to distinguish between the thermal 
degradation and the normal aging of cellulose (which is accelerated by heating) at a low 
temperature (Shafizadeh 1985).  
At 300 ?C the glycosidic bond is broken. Both homolytic and heterolytic mechanisms have 
been proposed for the initial glycosidic bond cleavage. The most likely mechanism for the 
heterolytic reaction involves a nucleophilic displacement of the glycosidic group by one of 
the ring hydroxyl groups to form an anhydro sugar (Figure 2.9) (Shafizadeh 1985). Therefore 
at this temperature dehydration leading to “anhydrocellulose” is overcome. 
At higher temperature, direct fission of the substrate and the intermediate products exposed to 
intense heat or radiation result in breakdown of the molecules to lower molecular weight 
gaseous products including carbon dioxide, carbon monoxide, water, hydrocarbons and 
hydrogen. In contrast to the relative slow degradation of cellulose at low temperatures, 
cellulose heated at above 300 ?C undergoes a rapid decomposition. At higher temperatures, 
an entirely different types of reaction takes place and resulting in depolymerisation of the 
molecule by cleavage of glycosidic unites to form mainly 1,6-anhydro-?-D-glucopyranose 
(levoglucosan). Figure 2.10 shows some dehydration products from cellulose and 
levoglucosan. 
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Figure 2. 9 Pyrolysis of cellulose to anhydro sugars and other compounds  
by transglycosidation reactions. 
To gain insight into the chemistry of pyrolysis, it is necessary to unravel the individual 
reactions, determine their kinetics and sequence. The loss of weight due to evolution of water, 
carbon dioxide, carbon monoxide and evaporation of other pyrolysis products are collectively 
measured by thermogravimetry as a proportion of original weight.  
In terms of experimental method, there are two alternatives: dynamic thermogravimetry, 
where the sample are submitted to steadily increasing temperature, or isothermal 
thermogravimetry (Orfao and Figueiredo 2001). In the former, it is possible to determine the 
full kinetics from a single experiment. In the latter, several measurements must be carried out, 
in order to determine the effect of temperature on the rate of weight loss.  
The pyrolysis usually was found to obey first-order kinetics, and the rate constants correlated 
with the crystallinity, orientations and accessibilities of the sample. The bulk pyrolysis rate 
increases with increasing orientation. 
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Figure 2.10 Dehydration products from cellulose.
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2.4 Modification of cellulose fibre 
Biocomposites derived from cellulose are increasing in importance as a result of future 
concerns for biodegradation and material resource problems. The composites require a strong 
fibre with good adhesion between matrix and fibre to enhance their final properties. The 
interaction and adhesion between the fibre and matrix have a significant effect in determining 
the mechanical and physical behaviours of fibre composites. The effect of the interface and 
interphase depends on several factors such as chemical composition (functional groups), 
molecular structure characteristics (branching, molecular weight distribution, cross-linking), 
and details of its physical state (above or below Tg, nature and degree of crystallinity) 
(Caulfield et al. 1999). Change of fibre surface characteristic closer to matrix was expected to 
create more interfacial adhesion in composites. It was found that the interfacial adhesion was 
improved by surface modification (Valadez-Gonzalez et al. 1999) and the presence of a 
transcrystalline (TC) layer (Zafeiropoulos et al. 2001). 
Industrial hemp fibre can be employed to make composites without retting, however in 
unretted fibre more cuticle and epidermal tissues remain attached to the fibre tissue and the 
interface between these two tissues is susceptible to breakdown over time (Hepworth et al. 
2000). Natural fibres have complex and varying chemical structures that have uneven surface 
topographies. An attempt to improve the benefit of these fibres has been achieved by removal 
of non-cellulosic materials, such as wax, pectin, lignin and hemicelluloses. Clean, pure and 
colourless fibres are the result; however, a lesser impact on the environment is still required 
for a total friendly process of fibre treatment. 
The processes for preparation of fibre composites are classified into three different processes: 
physical processes, chemical and biological. 
2.4.1 Physical processing 
Mechanical processing is required for separation of bast fibre after the cultivation. The 
operation of most mechanical fibre processing lines producing bast fibres for technical 
applications can be schematically separated into three steps: the breaking of the entire or 
shortened stalks, the cleaning of fibres from the woody core (hurds) pieces, and the fibre 
opening or the separation of fibre bundles to varying degrees of fineness.  
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The separation of bast fibres from the hemp stalk is obviously done by mechanical treatment 
and the long bast fibre is a result. The degrees of fibre defibrillation and disruption indicate 
the successful and optimum condition for operation.  
An improvement in inter-phase adhesion is required and a convenient method to achieve this 
is through an increase in the specific surface area of cellulose fibre in composites. A further 
fibre shortening and disintegration were of importance for fibre in non-woven composite 
application. Grinding and ball-milling were the selected methods applied in this research. 
2.4.2 Chemical treatment and functionalisation 
This section presents details of chemical treatments of cellulose. The most common pre-
treatment processes are extraction with solvent and mercerisation. The final treatment was 
employed for the surface by various chemicals.  
2.4.2.1 Solvent extraction 
Soxhlet extraction was an extensive technique used in separation of non-cellulosic 
components from the natural fibre surface. There are several solvents that can be used for 
extraction such as acetone, ethanol and benzene. The solvent can be used alone or as a 
mixture (Rana et al. 1997; Samal and Ray 1997). 
2.4.2.2 Mercerisation 
Mercerisation of cellulose using an alkali is a classical chemical treatment process. The 
treatment was used to enhance both the matrix fibre wetting and the chemical surface 
modification. The surface compositions of cellulose fibre were changed by the removal of 
non-cellulosic compositions. Changes in oxygen:carbon atomic ratio as a function of alkaline 
solution treatment were found from the X-ray photoelectron spectroscopy (XPS) spectra of 
treated grass fibre. Lignin had low oxygen to carbon ratio and part of the lignin was dissolved 
during the treatment. Therefore the increase in O:C ratios was found after alkali treatment 
(Liu et al. 2004).  
A cleaner surface and better adhesion with a polymer matrix were obtained (Mwaikambo and 
Ansell 1999). NaOH treatment, however, caused either total or partial crystalline structure 
transformations of native cellulose from cellulose I to cellulose II, especially at high 
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concentration of alkaline solution. The treated fibres exhibited different properties such as 
oxidative degradation (Junior 1999). 
The swelling of cellulose in aqueous sodium hydroxide is a very important phenomenon 
encountered in the very complex process of cellulose-alkali interaction, which affects all three 
levels of the cellulose structure. 
A strong chemical interaction takes place on the molecular level between cellulosic hydroxyl 
groups and NaOH ion dipoles, resulting in cleavage of inter- and intra-molecular hydrogen 
bonds. On the supramolecular level, a change in lattice dimensions and chain conformation 
occurs in a range of NaOH concentration near the swelling maximum, and the overall lateral 
order is significantly decreased in this process. The inter- and intra-crystalline swelling of the 
fibre structure in NaOH resulted in a different composition of the disordered and the 
crystalline parts of the alkali treated cellulose. On the morphological level, drastic changes in 
fibrillar architecture can take place in the interaction with aqueous alkali (Klemm et al. 1998). 
At temperatures below about 170 ?C the glycosidic bonds in cellulose are stable towards 
alkali. The weight loss from alkali treatment at high temperature was due to the dissolution of 
short-chain material detached from the reducing ends of the hydrocellulose molecules. The 
erosion of cellulose molecules from their reducing ends were stabilised by a competing 
reaction that begins with the elimination of the hydroxyl group at C-3 in the reducing terminal 
chain unit. When cellulose is heated with NaOH at a temperature of 170 ?C and above, a 
considerable fall of degree of polymerisation due to random scission of glycosidic was 
observed (Nevell 1985). 
2.4.2.3 Functionalisation 
Numerous chemical modifications were employed on cellulose fibres before incorporation 
into finished products such as a coupling by organosilane (Matias et al. 2000; Wielage et al. 
2003; Abdelmouleh et al. 2004), esterification, etherification (Baiardo et al. 2002), acetylation 
(Frisoni et al. 2001), maleic anhydride grafting (Ganan and Mondragon 2002). Figure 2.11 
shows some chemicals used in surface modification of cellulose. 
Modifications of cellulose fibre for composite application were mainly performed in 
heterogeneous phase reactions. Homogeneous modification could be performed, however 
application for reinforcement may be less (Bianchi et al. 1998). 
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Figure 2.11 The chemicals used in cellulose modification.
2.4.2.4 Consideration of cellulose accessibility and reactivity
From a consideration of cellulose structure, accessibility depends largely on the available
inner surface, and also on supramolecular order and fibrillar architecture. The interaction
between cellulosic material and benzophenone was studied by molecular modelling. The
density profiles showed that benzophenone molecules penetrated the amorphous phase while
they remained at the surface in the crystalline model (Mazeua and Vergelati 2002).
It is important to emphasize that the accessibility depends on the interaction considered. For
example only the AGUs situated at the inner surface of the pore and void system are
accessible for sorption of inert gases, whereas even the cellulose chains in the highly ordered
crystalline regions are accessible to aqueous NaOH of suitable concentration.
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The dissolution or at least a considerable limited swelling of the cellulose moiety is an 
indispensable prerequisite for a subsequent controlled cellulose funtionalization. Both the 
processes of swelling and of dissolution serve the purpose of enhancing the accessibility of 
the cellulosic hydroxy group for subsequent reaction.  
Strong hydrogen bonding between the molecules is the reason for insolubility of cellulose in a 
common solvent. From the viewpoint of the organic chemistry of cellulose, a classification 
according to the two categories of non-derivatising and derivatising solvents is considered 
most appropriate. The term “nonderivatising solvent” denotes a system dissolving the 
polymer by intermolecular interaction only (Heinze and Liebert 2001).  
Figure 2.12 Solvents for cellulose. 
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2.4.3 Biological treatment 
Traditionally chemical treatment by alkali, called mercerisation or alkaline scouring, is an 
important and effective means to remove non-cellulosic compounds in cellulose fibres; 
however, the process can alter the crystalline structure of the cellulose, resulting in a 
degradation of mechanical properties. Moreover, a large amount of water is consumed for 
washing which is uncompetitive in areas of restricted water usage and disposal. An alternative 
method is field retting by micro-organisms. This process requires no harsh chemicals but is 
weather-dependent and time-consuming. This has brought about a system comprising a 
known enzyme and controlled conditions. Various enzymes, hemicellulase, pectinase, 
xylanase and cellulase have been employed to remove the non-cellulosic composition. The 
suggested composition of the enzyme is a mixture of varying ratios between pectinase, 
hemicellulase and cellulase (Van Sumere 1992).  
Unfortunately, cellulase caused some eliminations of the amorphous part in the cellulose 
structure by a hydrolysis reaction. Any excessive scouring may cause disappearance of the 
amorphous cellulose and further degradation of crystalline structure (Cao and Tan 2002). This 
is not the best approach when concerned with a high crystallinity fibre (Bruhlmann et al. 
2000).  
However, the successful further modification of fibres requires the amorphous regions to be 
readily accessed by introduced chemicals. Lack of approachable sites could limit the 
modification and result in an incompatibility with a matrix in composite products. To ensure 
that the cellulose structure was protected from hydrolysis, a non-cellulase containing enzyme 
was investigated for scouring in this research. The scouring of pectin using pectate lyase 
enzyme was emphasised and presented in Chapter 5. 
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2.4.4 Properties affected from modification 
The effect of modification on the properties of cellulose fibre is important. An obtained 
surface characteristic only may not indicate the successful modification. Since the strength of 
fibres might be disrupted during the treatment. Hence the optimisation between surface 
characteristic and structural conservation is essential.  
The above surface modification methods generally improve surface characteristics of the 
fibres. Nevertheless some of them cause structural changes or disruption. The following 
paragraph presents the effect of treatments on the properties and structure of applied cellulose 
fibres. Several treatments were employed, however, the focus here is on the introduction of 
ester groups onto fibres. Since the biopolymers are usually containing carboxyl group. 
The degree of crystallinity of maleic anhydride esterified wood flour was lower than of 
untreated one (Marcovich et al. 2001). The reaction was conducted at 140 ?C in xylene 
solution. A similar result was observed in fique fibre treatment. Esterification of fique fibre in 
acetone using maleic anhydride introduced a significant change in the orientation of micro 
fibrillar angles and the content of cellulose. This resulted in a reduction of mechanical 
properties (Ganan and Mondragon 2002).  
Water-isopropanol was used as a medium for conducting etherification. Use of water-
isopropanol caused the difference of X-ray diffraction. This indicated a structural change by 
application of this medium compared with other alcohols (Baiardo et al. 2002).  
A properly conducted graft copolymerisation of acrylic monomer, in the vapour phase onto 
cellulose, did not affect the crystallinity of cellulose (Margutti et al. 2002). The grafting 
reaction needs photosensitive agents to allow the formation of radical sites on cellulose. The 
oxidised functional groups could be used for this aim.  
It was possible to draw a conclusion from the results obtained, that modification without 
using a solvent as a reaction medium was preferable in order to maintain the cellulose 
structure. Therefore the initial accessible sites on the cellulose fibres were important to 
determine the success of modification.  
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2.5 Experimental outline 
There were two main experiments involving fibre modification and preparation of 
composites. Figure 2.13 represents the schematic diagram of the conducted research. The 
main reason for the first step was to remove impurities from fibres and enhance the surface 
characteristic of fibre to be suitable for composite preparation. The chemical, biological and 
mechanical treatments were applied in this step. 
Figure 2.13 Summary of experiments conducted in the thesis. 
29
The chemical treatment was mainly used to remove non-cellulosic materials from natural 
cellulose fibres. Mercerisation at a low concentration was applied to minimise the structural 
destruction and transformation of cellulose structure from cellulose I to cellulose II.  
The applied modifications have a different impact on the environment. Substitution of the 
existing traditional hazardous chemical processing with a less environmental impact one 
might be of interest. Therefore biological treatment was introduced to treat cellulose fibres. 
This method was applied to obtain a clean fibre surface with less effect on cellulose structure 
during processing.  
The mechanical grinding and ball-milling processing were conducted to achieve a desired 
fibre size for various applications. However the processing could affect the structure of the 
cellulose fibre, resulting in a change in the final properties of the fibre.  
Changes of structure and surface characteristic from pre-treatment and modification were 
investigated. Finally, the mechanical properties of composites were examined to reveal the 
relationship between cellulose structure, compositions and properties of hemp fibre on the 
composite properties.  
CHAPTER 3 
Characterisation Techniques  
 
3.1 Introduction 
Several characterisation techniques were employed in this research. The extensively 
conducted measurements are presented in this section; otherwise, techniques used for specific 
parts of the investigation are reported in their particular chapter. The characterisation aimed to 
obtain information of surface morphology, crystalline structure, thermal stability and 
mechanical properties of modified fibres and composites using the modified fibres. Hence, 
the following techniques, Fourier transform infrared spectroscopy (FT-IR), wide angle X-ray 
diffraction (WAXD), thermogravimetry (TGA), scanning electron microscopy (SEM), 
Brunauer-Emmet-Teller (BET) adsorption and tensile mechanical properties testing were 
employed. 
3.2 Fourier transform infrared spectroscopy  
Fourier transform infrared spectroscopy is one of the most important and widespread 
structural characterisation methods used in polymer science. IR adsorption bands belong to 
rotational-vibrational transitions. Beside qualitative and quantitative analyses, IR 
spectroscopy can be used to monitor chemical changes in polymer molecules, crystallinity 
and orientation measurements. 
3.2.1 Measurement 
The fibres were cut in an IKA MF10 cutting mill and sieved to provide a size range between 
106 to 212 mm. The selected size of ground fibre was still representative of the crystallinity of 
the fibres. The fibres were vacuum dried at 105 °C for an hour. A mixture of 5.0 mg of dried 
fibres and 200 mg of KBr was pressed into a disk for FT-IR measurement (Hurtubise and 
Krassig 1960). The amount of mixture was kept constant to obtain repeatable transmission 
from the sample. Transferring a mixture to a compression mold was conducted inside a 
plastic chamber connected with a nitrogen flow line. This was to minimise the moisture 
adsorption into the fibre. The measurements were performed using a Perkin-Elmer 2000 
spectrometer (Perkin-Elmer 1996). A total of 100 scans were taken from 400-4000 -1cm  with 
a resolution of 2 cm-1 for each sample.  
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3.2.2 Characterisation 
It is important to note that the FT-IR technique was used for functional and structural 
investigations especially the lateral crystallinity index. The crystallinity index of samples was 
evaluated as the intensity ratio between IR absorptions at 1430 and 898 cm-1 assigned to the 
CH2 symmetric bending mode and C1 group frequency respectively (Nelson and O'Connor 
1964b, a). The band assignments are shown in Table 3.1 (Carrillo et al. 2004).  
Table 3.1 Characteristic frequencies from infrared spectra in crystalline polysaccharide 
 
Frequency (cm-1) Assignment Component 
3488 -OH stretching intramolecular hydrogen bonds Cellulose II 
3447 -OH stretching intramolecular hydrogen bonds Cellulose II 
3405 -OH stretching intramolecular hydrogen bonds Cellulose I 
3350 -OH stretching intramolecular hydrogen bonds Cellulose I and Cellulose II 
3175 -OH stretching intramolecular hydrogen bonds Cellulose II 
2970 CH stretching Cellulose I and Cellulose II 
2945 CH stretching Cel I(2945) and Cel II(2955) 
2900 CH stretching Cellulose I and Cellulose II 
2853 CH2 asymmetric stretching Cellulose I and Cellulose II 
1635 OH of water absorbed from cellulose Cel I(1430) and Cel II(1420) 
1455 -OH in plane bending Cel I(1455) and Cel II(1470) 
1420 CH2 symmetric bending Cellulose I and Cellulose II 
1375 CH bending Cellulose I and Cellulose II 
1335 -OH in plane bending Cel I(1336) and Cel II(1335) 
1315 CH2 wagging Cel I(1317) and Cel II(1315) 
1278 CH bending Cel I(1282) and Cel II(1278) 
1200 -OH in plane bending Cel I(1205) and Cel II(1200) 
1155 C-O-C asymmetric stretching Cel I(1155) and Cel II(1162) 
1111 Ring asymmetric stretching Cel I(1111) and Cel II(1007) 
1055 C-O stretching Cellulose I and Cellulose II 
1035 Stretching C-O Cellulose I and Cellulose II 
893 Group C1 frequency Cel I(985) and Cel II(893) 
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3.3 Wide angle X-ray diffraction  
WAXD study was employed to assess the relationship between structure and properties of 
fibre. The fundamental relation governing the X-ray diffraction process is the Bragg law 
(Ladd and Palmer 2003), which states: 
ql sin2dn =       (3.1) 
where d is the distance between crystallographic planes, l is the wave length of the X-ray 
radiation used, n (=1, 2…) is the order of reflection and 2q is the is the angle of diffraction, as 
shown in Figure 3.1. 
 
Figure 3.1 Geometric construction of Bragg Law . 
3.3.1 Characterisation 
3.3.1.1 Cellulose crystalline structure 
Different crystalline structures in cellulose can be detected and indicated by the wide 
angle  X-ray diffraction technique. The one dimension diffractograms of various cellulose 
structures are presented in Figure 3.2. The change of cellulose structure affected by 
modification, therefore, can be followed. 
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Figure 3.2 Wide angle X-ray diffraction profile of cellulose polymorphs (Nishino et al. 1995). 
 
3.3.1.2 Indexing lattice planes-Miller indices 
An indexing of crystalline planes is important for understanding of the crystalline structure of 
cellulose. The general indexing for lattice planes is (hkl), i.e. the first plane in the family from 
the origin makes intercepts a/h, b/k, c/l on the axes (Figure 3.3) (Hammond 1990). When a 
crystal plane lies parallel to an axis its intercept on that axis is infinity, the reciprocal of which 
is zero. For example, the ‘front’ face of a crystal, i.e. the face which intersects the x-axis only 
and is parallel to the y and z-axes, has Miller index (100); the ‘top’ face, which intersects the 
z-axis is (001) and so on. It is useful to remember that a zero Miller index means that the 
plane (or face) is parallel to the corresponding unit cell axis. 
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Figure 3.3 Intercepts of a lattice plane (hkl) on the unit cell vectors a, b, c. ON= dhkl = inter-
plannar spacing. 
 
Figure 3.4 Families of planes making rational intercepts with the unit cell edges are identified by 
a set of three integers, h k l, known as Miller indices (McPherson 2003). 
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3.3.1.3 Apparent crystalline size 
The crystalline size or the thickness of crystal in a direction perpendicular to its Miller planes 
was estimated using the Scherrer equation: 
qb
l
cos
Kt =       (3.2) 
where t is the thickness of crystallites at the (hkl) plane of diffraction, l is an X-ray 
wavelength (l = 0.1542 nm for CuKa), q is the Bragg angle of the reflection, b is the pure 
integral of width of the reflection at half maximum height, and K is the Scherrer constant that 
falls in the range 0.87-1.0 (Bodor 1991). 
3.3.1.4 Crystallinity index 
Generally the crystallinity index was obtained using the following equations (Segal et al. 
1959): 
CrI =100
I002 - IAmorph
I002
     (3.3) 
where CrI is the index of crystallinity, I002 is the maximum intensity of the (002) lattice 
diffraction and IAmorph is the intensity diffraction at 18° 2q degrees and  
Cryst(%) =
Acryst ´100
Atotal
     (3.4) 
where Cryst (%) is the crystallinity, Acryst is the area from the (002) plane, peak at 2q = 22.6° 
and from the (101) and (10 1 ) plane, peak at 13-18°, and Atotal is the area below the whole 
region . 
Nevertheless in this research the crystalline order index was introduced. The crystalline order 
index was determined from the fraction of the ratio of the (002) to the sum of (101), (021) and 
(002) refraction areas:  
CrI =100 A002
A10 1 + A021 + A002
     (3.5) 
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Firstly a separation of each X-ray diffraction of each plane was conducted. The operation 
used a non-linear multi-peak fitting function of Origin software. The PseudoVoigt type I 
equation was chosen (Figure 3.5). There were 4 variables in this equation; peak offset (y), 
peak amplitude or area (A), peak center (xc), peak width (w) and peak shape factor (mu). 
After an equation and data from WAXD was assigned, the fitting was initiated by entering the 
number of replicas. The number of replicas is equal to the number of peaks minus 1. The 
fitting was performed with several iterations until the optimum fit result was obtained. This 
was indicated by no further decline of chi-square value and R2 approached 1.  
 
Figure 3.5 Nonlinear curve fitting in Origin software. 
 
3.3.2 Measurements 
The fibres (70 mg) were cut and pressed into a disk using a cylindrical steel mold (Æ = 1.3 
cm) with applied pressure of about 7000 kg/cm2 using a laboratory press. This technique of 
disk preparation was developed in the Southern Utilisation Research and Development 
Division U.S. D.A (Wakelin et al. 1959). Ni-filtered CuKa radiation (l = 0.1542 nm) was 
generated at 40 kV and 35 mA using a Bruker AXS D8 WAXD. The X-ray diffractograms 
were recorded from 5 to 60° of 2q (Bragg angle) by a goniometer equipped with scintillation 
counter at a scanning speed of 0.02°/s and sampling rate of 2 data/s. 
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3.4 Scanning electron microscopy 
SEM was used to observe the microstructure and the surface morphology of treated and 
untreated cellulose fibres (Greaves and Saville 1995). SEM consists of two linked electron 
beam devices. SEM has the following main components: electron gun, condenser lens, 
objective system (lens, stigmator, scan coils), specimen stage and detector (secondary 
electron detector, CRT screen) as shown in Figure 3.6 (Flegler et al. 1993). 
 
Figure 3.6 The main components of SEM. 
 
3.4.1 Measurements 
The instrument was a Phillips XL 30 Oxford 6650 SEM with an acceleration voltage of 
142 eV. The samples were coated with gold to provide about 200 Å gold layer thickness 
using a vacuum sputter coater. The sputtering was employed to create a conducting surface on 
the fibre. The electron energy was set at 10 kV. This was to reduce any damage of fibre from 
X-ray radiation.  
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3.5 Brunauer-Emmet-Teller method  
Specific area of fibre was obtained with N2 adsorption using the BET method (Brunauer et al. 
1938, Gregg and Sing 1992). Natural fibres like flax or hemp can be considered as non-
porous solids and therefore an adsorption isotherm type II should be expected according to 
Brunauer et al (for non-porous solids) out of the 5 classes (Bismarck et al. 2002). This method 
was be able to monitor the change of pore structure of cellulose after modification i.e. cross-
linking. The BET equation is:  
( )[ ] ( ) ( ) ( ) 0m0 11 PPCnCCnPPnP m ´-+=-    (3.6) 
where: n is the amount of gas adsorbed per gram of solid at the equilibrium pressure P, mn  is 
the  amount of gas adsorbed per gram of solid to complete a monolayer, 0P  is the saturated 
vapor pressure of the absorbate (gas) at temperature T in Kelvin, and C is a constant given by 
( )[ ]RTqqExpC L-= 1      (3.7) 
in which 1q  and Lq  are the heat of adsorption for monolayer and multilayers, respectively, 
the latter being equivalent to the latent heat of condensation of the adsorbate. A plot of 
( )PPnP -0  vs 0PP  should yield a straight line with a slope of ( ) ( )CnC m1-  and an 
intercept of ( )Cnm1  from which the values of C and mn  can be calculated. After the mn  has 
been calculated, the next step is to determine the BET surface area (SBET) from the mono-layer 
capacity ( )mn . This requires knowledge of the average molecular cross-section area occupied 
by the adsorbate molecules (for N2, the average value is 0.162 nm2 at 77 K) in the complete 
monolayer. SBET is calculated from the following equation: 
( ) 1mLanS mmBET =       (3.8) 
where: L is the Avogadro constant and m is the mass of adsorbent in gram. 
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Figure 3.7 The ASAP surface analyser instrument. 
 
3.5.1 Measurements 
Nitrogen adsorption isotherms were measured for modified hemp fibre using a Micromeritics 
ASAP 2000 apparatus (Figure 3.7). Nitrogen was used as an adsorbate gas. Liquid nitrogen 
was used as the coolant during adsorption of nitrogen during the adsorption step. This was to 
allow condensation of the adsorbate gas on the fibre surface. The specific surface area and 
pore size distributions of hemp fibres were calculated from approximately 1 g of fibre after 
vacuum drying at 105°C for 15 h.  
3.6 Thermal analysis 
Thermal analysis is a technique which measures primarily physical properties of the sample 
as a function of temperature or time at fixed temperature. Thermogravimetry is one of the 
thermal analysis techniques (Turi 1997). The principle of the technique is straightforward. 
The mass of a system is continuously monitored as a function of temperature and time by 
balancing the force it exerts in the gravity of the earth. The measurement always relies on 
calibration or direct comparison with standard masses. The sample is kept in a controlled 
furnace, whose temperature is monitored, situated on a balance that yields the continuous 
mass determination. A special feature of thermogravimetric instruments includes the 
determination of the derivative of mass change called derivative of thermogravimetry (DTG).  
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Figure 3.8 Furnace and microbalance of TGA 7 from Perkin-Elmer. 
3.6.1 Measurements 
The TGA 7 is made up of two major components: a sensitive ultra-microbalance and a 
furnace element (Figure 3.8). The microbalance used with the TGA 7 is extremely sensitive, 
capable of detecting weight changes as small as 0.1 mg, with a maximum capacity of 1300 
mg. The null balance design of the microbalance uses a servo-controlled torque motor to 
automatically compensate for weight changes in the sample material. When the sample is 
placed in the sample pan, the beam that supports the sample pan deflects. A beam position 
detector measures the deflection with an optical sensor and uses a current to return the beam 
to its original position. The amount of current necessary to restore the beam is a direct 
measure of the weight on the beam. The current is amplified and filtered. The signal is 
displayed in the Pyris software in milligrams of sample weight (Perkin-Elmer 2002). 
Dynamic experiments were performed using a Perkin-Elmer TGA7 instrument. Temperature 
programs for dynamic tests were from 35-850 °C at a heating rate of 20 °C/min. The 
measurements were conducted under nitrogen (20 mL/min) and switched to air at 700 °C.  
3.7 Mechanical properties testing  
The mechanical properties of modified fibres and composites in this research were 
investigated in tensile mode. From the measured load versus extension behavior, stress and 
strain can be calculated as follows: 
A
F  σ =       (3.9) 
0
0
L
LL -
=e       (3.10) 
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where s is stress, F is applied force, A is cross section area of specimen, e is strain and 0L  is 
original specimen length (Kumar and Gupta 1998).  
Deformation characteristics of polymers vary between solids and fluids depending on 
temperature and the experimentally chosen time scale (Ward and Sweeney 2004). If the 
elastic behavior can be described by Hooke’s law and the viscosity relationship is Newtonian, 
then the material is termed linear viscoelastic (Bodor 1991). The relations between stress 
strain and shear stress and strain rate are: 
Ees =      (3.11) 
dt
dg
ht =      (3.12) 
where E is tensile modulus s is tensile stress, e is tensile strain, g is shear strain, h is the 
viscosity coefficient, whereas dtdg  is shear strain rate. 
In the case of dynamic measurements the stress stimulus was applied periodically, for 
example sinusoidally, and the corresponding deformation was measured. Because of viscous 
properties the amplitude decreased and phase lag appeared between stress and strain. From 
such measurements a dynamic modulus can be obtained. The modulus measured by dynamic 
mechanical analysis (DMA) is, however, not exactly the same as Young’s modulus of the 
classic stress-strain curve. Young’s modulus is the slope of a stress-strain curve in the initial 
linear region. In DMA, a complex modulus (E*), an elastic modulus (E¢) and a loss modulus 
(E²) are calculated from the response of the material to the sine wave. These different moduli 
allow better characterisation of the material, because we can now examine the ability of the 
material to store energy (E¢), and its ability to lose energy (E²), and the ratio of these effects 
(tan d), which is called damping. The relationship is shown in the following equations and 
Figure 3.9 (Menard 1999). 
EEE ¢¢+¢=*       (3.13) 
E
E
¢
¢¢
=dtan       (3.14) 
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Figure 3.9 The relationship of moduli in DMA. 
 
Creep will occur at a continuous deformation of a material under constant stress (Findley et 
al. 1989). If the load is removed, reverse elastic strain followed by a recovery of a portion of 
the creep strain will occur a continuously decreasing rate. The creep-recovery of polymer can 
be explained by the four element model. The model is a combination of Maxwell element and 
Kelvin-Voigt element. An example of regenerated cellulose’s creep-recovery is shown in 
Figure 3.10 (Wellisch et al. 1961).  
 
Figure 3.10 Creep-recovery of regenerated cellulose explained by a combined of viscous and 
elastic elements. 
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3.7.1 Measurement 
A Rheometric dynamic mechanical thermal analyser (DMTA IV) instrument was used in 
tensile mode for the entire research in order to investigate mechanical properties. The DMTA 
IV is a mechanical spectrometer measuring the stress/strain relation of materials. The step 
size of the instrument is 0.05 mm. The test module applies mechanical deformation to a 
specimen placed in its test chamber. It consists of test chamber (furnace), an electromagnetic 
drive assembly and specimen clamping fixture(s). The drive assembly provides motion to the 
specimen and detects the magnitude of the displacement for processing by the control 
electronics. The components of drive assembly are the T-Bar connector and the ceramic drive 
shaft. The drive shaft is driven by supplying current to the servo motor. The motion of the 
drive shaft is detected by a position sensor consisting of a static probe and a target attached to 
the drive shaft. The electronic unit controls the test module’s mechanical force, acquires data 
during testing and acts as an interface between the host computer and the test module. All 
command and control functions are accessible by the operator using RSI Orchestrator 
software (Rheometric-Scientific 1998). 
3.7.1.1 Single fibre-bundle mechanical properties 
The mechanical properties of hemp fibres were determined by a single fibre-bundle 
measurement. Gauge length of the fibre-bundle was set at 10 mm and each end of a single 
fibre-bundle was fastened with adhesive between two small pieces of paper for gripping. The 
tests were carried out at a speed of 0.03 mm/min. The fibre-bundle was assumed to have a 
cylindrical shape. Two values of diameter were measured perpendicular to each other at the 
middle of the specimen using a Mitutoyo micrometer. This aimed to minimise mechanical 
damage to fibre-bundle from micrometer squashing. Then the average diameter was used to 
calculate the cross section area of fibre-bundle. Average mechanical measurements were 
taken from at least 5 specimens of each specimen. The single fibre-bundles were supported by 
a paper frame during specimen loading to avoid bending or breaking and the frame was cut 
prior to the stress-strain scan (Figure 3.11). Using fibres of different diameter affected the 
tensile results. Therefore fibres with similar diameters were used. 
3.7.1.2 Composite mechanical properties 
Static, dynamic and creep-recovery measurements in tensile mode were employed to 
investigate the dependence of modified fibre on the composite mechanical properties. Details 
of conducted measurements are presented in the experimental sections of Chapters 8 and 9. 
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Figure 3.11 Single fibre support paper frame and tensile clamp fixtures. 
CHAPTER 4 
Morphological and Grafting Modification of Natural Cellulose 
Fibres  
 
4.1 Introduction 
Numerous chemical treatments and modifications have been employed on cellulose fibres 
before incorporation into finished products. The most common pre-treatment processes are 
extraction with solvent and mercerisation. A cleaner surface and better adhesion with a 
polymer matrix were obtained (Mwaikambo and Ansell 1999). NaOH treatment, however, 
caused either total or partial crystalline structure transformation of native cellulose from 
cellulose I to cellulose II. The treated fibres exhibit different properties such as oxidative 
degradation (Junior 1999). 
Further modification by chemical derivatisation such as acetylation (Frisoni et al. 2001) and 
esterification (Baiardo et al. 2001) resulted in structural change of cellulose fibres. The 
solvent system and conditions of modification seem to be the major factors affecting the 
structural change. Fortunately, it has been reported that a grafting technique for acrylic 
monomers at a low pressure had no effect on the cellulose structure, and also increased the 
penetration depth of monomer and minimised the formation of homopolymer (Margutti et al. 
2001). The combination of a solvent-free grafting system and a low-pressure technique has 
been used in order to protect degradation of the properties of the fibres. 
As a vinyl monomer, acrylonitrile has the potential to graft onto cellulose fibre using different 
initiating systems, such as ionic (Gupta and Sahoo 2001) and radical initiators (Bianchi et al. 
1998). The graft copolymerisation can take place in heterogeneous or homogeneous reactions 
(Kubota and Suzuki 1995), with or without solvent inclusion. Concerning the introduction of 
hydrophobic groups onto cellulose and the further modification to hydrophilic character after 
grafting (Warner and Rezai 1997), the solvent-free system initiated by free radicals from 
azobisisobutyronitrile (AIBN) for grafting cellulose at low grafting levels has been studied in 
this research. The aim of this research was to modify natural cellulosic fibres in order to 
improve and increase consistency of their performance in biodegradable materials.  
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Figure 4.1 Acrylonitrile and azobisisobutyronitrile structure. 
 
 
4.2 Experimental 
4.2.1 Materials  
Hemp (Cannabis sativa L.) was obtained from Australian Hemp Resource and Manufacture 
(AHRM) and Flax (Durafibre Grade I, 1.95% purity) was obtained from Cargill, Canada. 
Acrylonitrile monomer (AN) purchased from Aldrich Chemical Company was washed with 
8% NaOH followed by distilled water and dried over anhydrous sodium sulphate. AIBN 
(Eastman) was used as the initiator (Figure 4.1). The treatment and characterisation was 
applied mainly on hemp fibre for this entire work. Only the solvent extraction and 
mercerisation were carried out for flax fibre. That is because the flax fibre shrunk after 
alkalisation and was not suitable for the single fibre mechanical property testing and the 
further grafting procedure. 
4.2.2 Modification 
Fibre modification consisted of solvent extraction and NaOH treatment in order to remove 
wax and lignin before grafting with acrylonitrile. 
4.2.2.1 Extraction and alkalisation 
The fibres were subjected to Soxhlet extraction with acetone for 3 h to remove any waxes 
present and then air-dried. Dried fibres (2.5 g) were treated with various concentrations of 
NaOH solution (100 mL) and placed in an oven at 30 °C for 1 h in order to remove lignin 
associated with the fibres. The concentrations of NaOH solutions were 3, 5, 8, 10, 12, 15 and 
20 %wt/v. The alkaline treated fibres were subsequently washed with running tap water 
followed by distilled water until no alkali was present in the wash water. 
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4.2.2.2 Grafting reaction 
8% NaOH treated hemp fibres were dried under vacuum at 60 °C for 3 h and weighed; then 
introduced into a glass reaction vessel. The reactor was connected with a dropping funnel and 
a vacuum pump. Once the pressure reached 0.5 mbar, an acrylonitrile-AIBN solution was 
slowly added. The concentration of initiator was varied from 2-5 %w/v. After 2 h the excess 
monomer solution was removed from the fibre surfaces. Nitrogen gas was then purged 
through the reactor to obtain atmospheric pressure and also to release the air. 
The vessel was heated and held at 60 °C for 4 h by surrounding with hot water from a 
circulating bath to control the temperature of the reaction. The reaction was left overnight at 
room temperature to complete the grafting. The fibres were heated to 100 °C for 30 min and 
vacuum dried at 60 °C for 3 h before being washed with acetone to eliminate any residual 
monomer. The grafting yield of acrylonitrile into hemp fibres was estimated using following 
equation: 
hemp) original oft (dry weigh
hemp) original of dry weight- hemp grafted oft (dry weigh100  yields grafting % ´=  
4.2.3 Characterisation methods 
An analysis of crystalline structure was performed using quantitative Fourier transform 
infrared spectroscopy and wide angle X-ray diffraction to assess the relationship between 
structure and properties after modification. The mechanical properties, moisture regain and 
pore structures were investigated. Morphologies of cellulose fibres were investigated by 
scanning electron microscopy. Details of testing conducted were explained in Chapter 3. The 
special measurement apparatus for determining moisture adsorption explained below. 
4.2.3.1 Moisture regain measurements  
The moisture regain of alkaline treated and AN-grafted hemp fibres at a relative humidity 
(RH) of 0, 65 and 93 % was obtained by placing 1 g of sample over phosphorus pentoxide (0 
%RH) or saturated aqueous solutions of magnesium acetate (65 %RH) and ammonium 
phosphate (93 %RH) respectively at 25 °C for 1 week. A desiccator-weighing procedure was 
performed to control the relative humidity of sample during the measurement. The amount of 
moisture regain was based on the calculation using dry weight of fibres at 0 %RH. 
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4.3 Results and Discussion 
4.3.1 Acrylonitrile grafting yield 
4.3.1.1 Effect of the concentration of AIBN 
The effect of concentration of AIBN on the grafting yield is shown in Table 4.1. With an 
increase of AIBN concentration from 2 to 5 %wt/v, the grafting yield increased gradually 
from 1.56 to 10.46 %. This result suggests that AIBN was mostly responsible for the 
generation of free radicals on the cellulose backbone for the initiation of the graft 
copolymerisation. The active sites may be increased on the cellulose backbone for grafting at 
higher concentrations of the initiator. 
4.3.1.2 Effect of the ratio of AN monomer to hemp fibre 
Grafting yields were increased with AN monomer to hemp fibre ratio as presented in Table 
4.1. The best explanation for this effect can be seen with the use of 5 % AIBN which 
provided a dissimilar amount of grafting. The higher ratio provided a better yield. That is 
because of the adsorption ability of AN into the fibre; conversely when the ratio of AN to 
fibre was low, the available AN molecules in the fibre was less so that the grafting yield was 
lower too.  
The existence of polyacrylonitrile seemed to have a pronounced effect on the pore structure of 
the grafted fibres. The BET surface area, cumulative pore volume and adsorption pore 
diameter were found to dramatically expand as shown in Table 4.1. 
Table 4. 1 Effect of initiator concentration and monomer-fibre ratio on grafting and pore 
structure characteristic of acrylonitrile grafted hemp fibre 
 
Grafting 
(%) 
Initiator (AIBN) 
concentration 
(%wt/v) 
Monomer/Fibre 
(ml/g) 
BET 
surface 
area 
(m2/g) 
Cumulative 
pore volume 
(cm3/g) 
Adsorption 
pore diameter 
(angstrom) 
0 - - 0.257 0.00004 28.9 
1.56 3 0.99 0.296 0.00019 21.7 
2.94 2 4.45 1.235 0.00163 88.1 
6.04 4 1.70 1.286 0.00137 48.1 
8.34 5 3.25 0.731 0.00045 537.4 
10.46 5 6.59 3.231 0.00557 125.9 
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4.3.2 Fourier transform infrared spectroscopy  
Infrared spectra of flax and hemp fibres after acetone extraction and the alkalisation by NaOH 
are shown in Figure 4.2. The acetone extracted hemp fibre spectrum is similar to that of the 
untreated hemp, although a light green extract was observed during Soxhlet extraction. 
However the adsorption band at 1730 cm-1 attributed to the C=O stretching vibration 
disappeared after NaOH treatment. This is due to the removal of the carboxyl or carbonyl  
 
Figure 4.2 Infrared spectra of hemp and flax fibres for measurements of lateral crystallinity 
index: (a) untreated hemp, (b) acetone extracted hemp, (c) 8% NaOH treated hemp,  
(d) 20% NaOH treated hemp, (e) 2.94% acrylonitrile grafted hemp and (f) untreated flax. 
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groups present in the fibre as a trace of fatty acid present in absorbed oils (Mwaikambo and 
Ansell 2001). The main spectral changes were an increase of the 898 cm-1 band, attributed to 
the symmetric in-phase ring-stretching mode and a decrease of the 1430 cm-1 band attributed 
to CH2 bending. This observation shows that the crystalline structure of the fibres were 
changed from cellulose I to cellulose II after NaOH treatment.  
The IR crystallinity (or lateral order) index was calculated from the absorption ratio at 
1430 cm-1 and 898 cm-1 (Nelson and O'Connor 1964). The intensity of the 1430 cm-1 band 
was reduced while the 898 cm-1 band was increased and shifted to 893 cm-1 with an increase 
of NaOH concentration. This suggests that the formation of amorphous cellulose and 
cellulose II took place after mercerisation.  
The crystallinity index showed a quite stable value at low NaOH concentration, 3-8% (Figure 
4.6 (a)), then a dramatic drop occurred and it reached a stable value of 15%. Variation in this 
ratio showed that the transition took place over the range of NaOH concentration from 8-12% 
for flax and 8-15% for hemp. The significant drop of crystallinity index and the earlier 
transformation to cellulose II of flax were an indication of a lower alkalinity resistance 
compared with hemp. 
An infrared spectrum of acrylonitrile grafted hemp fibres is shown in Figure 4.2(f). The band 
at 2243 cm-1 arising from the stretching vibration of CºN was used for characterisation of the 
modified hemp.  
4.3.3 Wide angle X-ray diffraction  
Figures 4.3 and 4.4 show X-ray diffractograms of hemp and flax fibre respectively. Untreated 
fibre shows the characteristics of cellulose I. As the concentration of NaOH increased, the 
crystalline transformation to cellulose II can be seen. The major diffraction planes of cellulose 
namely (101), (101), (021) and (002) are present at 14.8, 16.7, 20.7 and 22.5 2q angle 
(Krassig 1975). Alkaline treatment caused a decreasing intensity of the (002) plane and an 
increasing intensity of the (101) and (021) planes. A new (101) diffraction plane at the lowest 
2q (Figure 4.3(c)) represented the introduction of cellulose II after treatment. 
A separation of the peak due to each diffraction plane was achieved through curve fitting 
using a set of Pseudo-Voigt curves to fit the experimental data. This operation resulted in 
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disappearance of the amorphous diffraction for calculation of the crystallinity index using the 
equation 3.3 and 3.4 explained in the section 3.3.1.4 of Chapter 3. 
These two equations used the amorphous fraction in terms of intensity and area to calculate 
the crystallinity index. The selected position that was assigned to the amorphous fraction was 
the diffraction angle at around 18° 2q degree. A disadvantage of these two methods was the 
difficulty in defining the exact amount of amorphous fraction. Hence performing the 
calculation without using an amorphous and crystalline standard would yield a result not 
representative of absolute sample crystallinity. 
From the x-ray results, there was an increased intensity at 16.7° and 20.7° 2q degree that 
represented the (10 1 ) and (021) planes. The appearance of these non-parallel fibre axis 
diffraction planes occurred while there was a decline of the (002) fibre diffraction plane. This 
seemed to indicate the degree of perfection of the best-ordered fraction, (002) in the fibre was 
changed. It is important to note that the crystallinity index is used to indicate the order of 
crystallinity rather than the absolute crystallinity of crystalline regions (Mwaikambo and 
Ansell 2001). 
Therefore, the calculation of the X-ray crystalline order index was performed to represent the 
degree of crystalline order in the fibres. The crystalline order index was determined from the 
fraction of the ratio of the (002) to the sum of (101), (021) and (002) refraction areas:  
CrI =100 A002
A10 1 + A021 + A002
     (3.5) 
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Figure 4.3 Wide angle X-ray diffractogram and fitted data for hemp fibres: (a) acetone treated, 
(b) 12% NaOH treated and (c) 20% NaOH treated. 
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Figure 4.4 Wide angle X-ray diffractogram and fitted data for flax fibres: (a) acetone treated, 
(b) 12% NaOH treated and (c) 20% NaOH treated. 
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Figure 4.5 Wide angle X-ray diffractogram and fitted data for acrylonitrile treated hemp fibres: 
(a) 1.56% AN grafted, (b) 8.34% AN grafted, (c) 10.46% AN grafted. 
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Figure 4.6 Crystallinity index dependence on NaOH concentration and grafting amount:  
(a) IR crystallinity index of NaOH treated hemp and flax fibre,  
(b) X-ray crystallinity index of NaOH treated hemp and flax fibre,  
(c) X-ray crystallinity index of AN grafted hemp. 
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The variation of X-ray crystalline order index with NaOH concentration is illustrated in 
Figure 4.6 (b). The high crystallinity index value, 82+ % of hemp fibre is comparable with the 
use of diffraction intensity for calculation, although this differed in methodology. Moreover, 
the X-ray crystalline order index is in good agreement with the IR crystalline index.  
Figure 4.5 shows the X-ray diffractogram of AN grafted fibres. There is no crystalline 
transformation of the crystalline structure as was observed in other kinds of grafting reactions 
(Baiardo et al. 2001; Frisoni et al. 2001). Only the variation of crystallinity index with 
grafting amount was found.  
Figure 4.6(c) shows the X-ray crystalline order index of treated hemp. The crystalline index 
increased with grafting content up to 2.94 % and then decreased as the grafting content 
increased. This result suggests that a low grafting amount may create an orderly arrangement 
of polyacrylonitrile units, resulting in the increase of X-ray crystallinity index (Mishra et al. 
2001). 
4.3.3 Mechanical properties 
The mechanical properties of alkaline treated and AN grafted hemp are shown in Figures 4.7 
and 4.8 respectively. The average values are presented with 95% confident interval variation. 
The modulus of the fibres decreased gradually with NaOH concentration and remained 
constant after 10 % NaOH treatment. This is probably due to the reduction of lignin content 
that will bind the cellulose fibres together.  
The tensile properties showed a sudden decrease after treatment with 10 % NaOH where the 
transition to cellulose II started to take place. The elongation at break increased with NaOH 
concentration. The values are in a typical range of hemp mechanical properties reported 
elsewhere (Sankari 2000).  
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Figure 4.7 Mechanical properties of alkaline treated hemp single fibre:  
(a) Tensile modulus, (b) Tensile stress at break, (c) Elongation at break. 
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The mechanical properties of AN grafted hemp (Figure 4.8) show a variation with graft 
amount. The grafting however produced little degradation effect on the mechanical properties. 
 
 
 
Figure 4.8 Mechanical properties of acrylonitrile grafted hemp single fibres: 
(a) Tensile modulus, (b) Tensile stress at break, (c) Elongation at break. 
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4.3.4 Moisture regain 
The moisture regains of alkaline treated and AN-grafted hemp fibre at 65 and 93% RH are 
presented in Figure 4.9. Moisture can be adsorbed at high relative humidity. The difference is 
about 6% for the entire range of modifications. The increase of NaOH concentration gave 
slight increases in moisture regain (Figure 4.9 (a)), indicating that the higher concentration 
alkaline treated fibres are more accessible to water vapour than the lower concentration 
treated fibres. This result agrees with the reduction of lateral crystalline index observed from 
IR and WAXD measurements.  
 
 
Figure 4.9 Moisture regain of hemp fibres with humidity variation, (n) 65% RH, (l) 93% RH: 
(a) after NaOH treatment, (b) after acrylonitrile grafting. 
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Figure 4.9 (b) shows a small reduction of about 1% of moisture regain for AN grafted fibre 
compared with untreated fibre. However the degree of reduction was lower than the AN 
grafted cellulose using UV radiation. This probably arises from the difference in the location 
of the grafted molecules. The grafted molecules of UV irradiated fibres were limited to near 
the surface of the cellulose fibres. Nevertheless, the observed value was comparable with 
grafting using a ceric salt-initiated grafting system. Instead of reducing moisture regain with 
increased amount of grafting, the grafted fibre showed quite stable values and even a slight 
increase when there was an increased amount of grafting. Especially the moisture regain at 
10.46 % grafting was significantly higher than ungrafted fibre. This behaviour may be 
explained by the physical change of the fibre on grafting.  
This fibre characteristic enhanced the penetration of water into the fibres resulting in a 
smaller reduction of moisture with increased amount of grafting than expected, particular in 
the case of the large surface area obtained with 10.46 % grafting. 
4.3.5 Fractographic analysis 
4.3.5.1 Hemp fibre treatment 
SEM images at magnifications between 500-2000 were obtained for untreated and treated 
fibres in all conditions reported in this work. Figure 4.10 (a-d) shows the transformation of 
hemp fibre with acetone and NaOH treatments. The surface of untreated raw hemp fibre 
shows considerable roughness due to the presence of lignin and waxes (4.10 (a)), which are 
partially removed with acetone (4.10(b)) and further removed with NaOH treatment (4.10(c)), 
resulting in a smooth surface, suitable for polymer grafting. The treatment of hemp fibre with 
20% NaOH damaged the fibre and caused separation of individual segments, as shown in 
Figure 4.10(d). These results correspond well with the investigation of the mechanical 
properties. 
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 (a) 
 (b) 
 (c) 
 (d) 
Figure 4.10 SEM photomicrographs of hemp: (a) Untreated, (b) Acetone treated,  
(c) 8 % NaOH treated and (d) 20 % NaOH treated hemp fibres. 
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4.3.5.2 AN-AIBN grafting of hemp fibres 
Figure 11 (a-c) shows hemp fibres initially treated with acetone and 8% NaOH subjected to 
AN grafting with 1.56%, 8.34% and 10.46%. The amount of grafting is directly correlated 
with the thickness of AN grafted layer on the fibre, providing more structure, and increased 
surface area for adhesion with a polymer matrix and improved environmental resistance of the 
fibre. 
 (a) 
 (b) 
 (c) 
Figure 4.11 SEM photomicrographs of acrylonitrile grafted hemp:  
(a) 1.56 % grafted, (b) 8.34 % grafted, (c) 10.46 % grafted. 
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4.4 Conclusion 
Modification of hemp and flax fibres by solvent extraction, alkalisation and AN grafting of 
hemp fibres were carried out in this chapter to obtain better surface properties of hemp fibres, 
while maintaining good inherent mechanical properties. The amount of grafting was 
controlled by initiator concentration and monomer/fibre ratio. Moreover, a low-pressure 
solvent-free grafting technique prevented the fibre undergoing crystalline transformation. The 
morphology changed after treatment from cellulose I crystalline structure to cellulose II. The 
internal pore structure was changed after grafting. A combination of WAXD and FT-IR 
techniques was used to investigate the crystalline development. The results showed a good 
correlation and resulted in a new method for calculation of crystalline order index.  
CHAPTER 5 
Morphology and Structure of Hemp Fibre after Bioscouring 
 
5.1 Introduction 
A potential fibre for composite applications such as hemp fibre contains a large amount (18%) 
of pectin (Vignon et al. 1996). This material can adsorb moisture in both crystalline and 
amorphous regions, up to 24 %wt (Bettelheim and Sterling 1956). Removal of pectin from the 
fibre was a priority operation to avoid any future problems that may arise from the pectin. 
Pectin is deposited mainly on the surface and the middle lamella between fibre and other 
cells, thus it contributes less to the strength of the fibres. In comparison, hemicelluloses are an 
integral composition of cell walls and thereby provide strength (Sharma et al. 1999). Removal 
of residual hemicelluloses bound with lignin will reduce fibre strength. The advantage of 
using this selective treatment was not only that the cellulose structure was undisturbed but 
also the essential composition was kept for retention of strength of fibres.  
Pectin is a linear polysaccharide comprised of 1,4-linked a-D-galacturonate residues. The 
degree of esterification gives the ratio of esterified galacturonic acid units to total galacturonic 
acid units in the molecule. The degree of methylation of 50% divides pectin into two 
categories, low and high methoxy pectin. The pectin present in hemp is dominated by low 
methoxy pectin (Vignon and Garcia-Jaldon 1996), hence a suitable enzyme for this type of 
pectin was considered. Recently, Novozyme introduced Scourzyme L to the market for textile 
application. This enzyme, a pectate lyase (PL) (EC 4.2.2.2) specifically catalyses cleavage of 
internal a-1,4-glycosidic linkages by b elimination in pectic acid (pectate) at alkaline pH 
between 8 and 10 (Figure 5.2). The specific attack on carboxylic acids will reduce the acid 
composition in the fibres, resulting in less hydrophilic character in the fibres. This enzyme 
treatment will be suited to cellulosic fibres containing pectin in general, though hemp was 
chosen for study in this research. The aim of this research was to evaluate the quality of hemp 
fibre after scouring using a single enzyme, pectate lyase (EC 4.2.2.2). Enzyme activity was 
examined by ultraviolet (UV) measurement and the kinetic parameters were calculated using 
the Michaelis-Menten equation (Michaelis and Menten 1913).  
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5.2 Experimental 
5.2.1 Materials  
Hemp (Cannabis sativa L) fibre was obtained from Australian Hemp Resources and 
Manufacture. Scourzyme, pectate lyase (EC 4.2.2.2) (Figure 5.1), was kindly provided by 
Novozyme Australia Pty, Ltd. This enzyme was produced by submerged fermentation of a 
genetically modified bacillus microorganism. The molecular weight of enzyme was 22,000 
g/mol (Andersen et al. 2002). The carboxylate and basic residues selected from glutamic acid, 
aspartic acid, lysine and arginine were suggested to be involved in catalysis or calcium 
binding or both (Hatada et al. 2000). The enzyme activity of Scourzyme L was designated as 
a specific activity of 375 APSU (Alkaline Pectinase Standard Unit)/g. One unit of enzyme 
activity was defined as the amount of enzyme that catalysed the formation of one mmol 
unsaturated uronide product min-1. The recommended pH and temperature are pH 8-9 and 50-
65 °C respectively.  
 
Figure 5.1 Schematic representation of the parallel b-helix of  
pectate lyase enzyme (Herron 2001).  
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Figure 5.2 A schematic diagram of the b-elimination reaction mechanism of the cleavage of  
a-1,4-polygalacturonic acid by pectate lyase enzyme (Herron 2001).  
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5.2.2 Bioscouring  
Untreated hemp fibres (5.0 g) were subjected to treatment with Scourzyme L (0.2, 0.5, 1.2, 
2.5, 5.0, 10.0% on weight of fibre (owf)) in a non-agitated 250 mL Erlenmeyer flask at 55 °C 
for 0.5-24 h using a fibre to liquor ratio 1:3-1:100 and pH 8.5. Both enzyme and substrate in 
citrate-phosphate buffer solution were preheated separately at 55 °C for 10 min before 
mixing. In order to deactivate the enzyme, the reaction flasks were chilled in an ice bath for 
10 min after an enzymatic treatment reached the desired time. The fibres were removed from 
the solution, washed then oven dried. The solution was rapidly heated in a boiling water bath 
in order to deactivate the enzyme. The solution obtained, clear of sediment, was kept for 
enzyme activity monitoring by a UV spectrophotometry technique. 
5.2.3 Characterisation methods  
5.2.3.1 UV spectrometry measurements 
Pectate lyase catalysed the formation of double bonds in polygalacturonic acid (pectate). The 
amount of reaction product, unsaturated uronide, contained in the clear brown solution after 
enzyme treatment was determined by photometry. The UV-spectrophotometer (Hitachi U-
3200) wavelength was set at 325 nm. A buffer solution was used as a blank in the reference 
cell. At least three measurements were taken and reported as an average value for each 
sample. 
5.2.3.2 Other measurements 
The changing composition and crystalline structure was observed by FT-IR and WAXD 
measurement, respectively. SEM and BET gas adsorption analysis was carried out to monitor 
surface morphology of fibres. TGA was employed to measure removal of pectin after 
treatment. Finally, the mechanical properties were tested by a single fibre tensile test. The 
details measurement using FT-IR, WAXD, SEM, BET, TGA and tensile mechanical 
properties were presented in Chapter 3.  
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5.3 Results and Discussion 
5.3.1 Enzyme reactivity  
The reactivity results reported in this study are based on the product formation (unsaturated 
uronide) and detected by UV spectrometer at a wavelength of 325 nm. Alternatively the 
weight lose of fibre can be applied (Calafell and Garriga 2004), but the UV method represents 
a direct observation of product from reaction. This result was consistent, although some 
variation was observed for duplicate samples, indicating that the measured data was sufficient 
to follow the activity of enzyme, pectate lyase (EC 4.2.2.2). The values obtained are presented 
and discussed as relative activity rather than absolute value. 
 
 
Figure 5.3 UV measurement of Scourzyme reaction dependent on: 
a) Enzyme concentration, b) Reaction time, 1.2% Scourzyme.  
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5.3.1.1 Effect of enzyme concentration 
The experiment was carried out with fixed fibre concentration of 4 g/100mL for 1.5 h. Figure 
5.3(a) shows a symptotic increase of UV absorbance with concentration of enzyme used. A 
linear relationship is observed at a low concentration of enzyme, demonstrating that the 
gradual removal of pectate from fibre is directly proportional to the enzyme concentration. 
The increase of enzyme concentration, however, could not improve the efficiency, especially 
at high concentration (2.5-10 %owf). The limitation of substrate to bind with enzyme may 
cause this declined activity, suggesting that treatment at low enzyme concentration was 
preferred and suitable for the level of substrate (pectate) present in the fibre. On the other 
hand, enzyme assay should be performed with the enzyme fully saturated with substrate.  
5.3.1.2 Effect of treatment time 
Because of the various enzyme concentration treatment results, the 1.2% enzyme 
concentration at a fibre concentration of 4 g/100mL was selected for time variation 
experiments. The product was detected over the first 30 min and the amount of products 
remained constant until after 3 h, before suddenly increasing at 6 h and further increasing 
until 24 h as presented in Figure 5.3(b). Pectin is composed of 1,4-linked a-D-galacturonic 
acid units with various degrees of methyl esterification. The detected product in the initial 
reaction time represented the cleavage of internal a-1,4-glycosidic linkages in pectin and this 
was formed immediately, possibly with the soluble fraction (free pectin), dissolved from the 
outer surface of fibre into the solution. Once this substrate was consumed, no more products 
could be formed, resulting in a constant value. The reaction of the non-soluble substrate 
required an adsorption of enzyme onto the fibre surface. The induction period took 3 h for the 
enzyme solution to penetrate and cleave internal pectin chains. The long induction period may 
have arisen from lack of non-esterified galacturonic acid units for the enzyme to attack. This 
explanation was supported by the FT-IR results in section 5.3.3.1. An increase of high 
methoxy pectin content in fibres was observed over longer treatment. This pectin was 
degraded more slowly than lower esterified one (Dongowski and Lorenz 1998). The absence 
of calcium ions in systems was thought to be a subsequent reason for this steady enzyme 
activity. However this induction characteristic was also found in the system containing 
calcium ion (Zheng et al. 2001).  
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5.3.2 Calculation of kinetic constants 
The kinetic parameter for this enzyme has been calculated at the 1.2% enzyme concentration 
for 1.5 h. The fibre concentration was varied from 1 to 30 g/100mL. The substrate 
concentration was changed proportional to fibre weight in the reaction. The experiment 
provided an excess amount of substrate to ensure that most of the enzyme was bound in an 
enzyme-substrate complex. In Figure 5.4(a), the rectangular hyperbola graph shows an 
increase of enzyme activity with increasing substrate concentration. Nevertheless, the product 
reached a nearly constant value at a fibre concentration of 12.5 g/100mL.  
 
 
Figure 5.4 Activity of pectate lyase enzyme at 1.2 %wt concentration;  
(a) fibre concentration-dependent, (b) Lineweaver-Burke plot. 
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The relationship has been used to define kinetic constants, Vmax and Km by a Lineweaver-
Burke plot. The values of Vmax and Km were 0.71 and 2.41 respectively. The unit of this 
parameter was omitted. As the reaction was conducted under different conditions from a 
standard enzyme activity measurement, hence an absolute value could not be calculated. 
However, the following relative Vmax value presented here showed a good correlation within 
the series of experiments. An enzyme assay at 1.2% concentration contained 0.18 ASPU/mL, 
which was calculated from an enzyme activity of 375 APSU/g. We assumed that the enzyme 
functioned completely with saturated substrate. Thus within 90 min, reaction would have 
produced 16.2 mmol/mL of unsaturated uronide. An UV absorbance of 0.48 at 4 g/100mL of 
fibre concentration was observed (Figure 5.3(a)). This implied that reaction took place with 
67% of Vmax and gave 10.4 mmol/mL of product.  
As mentioned above, the linear relationship presented at 0.2-1.2% Scourzyme, suggested that 
a range of values would represent the same 67% activity. This behaviour was brought about to 
predict their Vm that were equal to 0.67 and 0.68 for 0.2 and 0.5% Scourzyme, respectively. 
Vm was increased with an increase in total concentration of enzyme present, but Km is 
independent of enzyme concentration and is characteristic of the system being investigated 
(Palmer 1985). 
5.3.3 Crystallinity index from Scourzyme treated hemp fibres 
5.3.3.1 FT-IR  
Infrared spectra of hemp fibres after scouring by Scourzyme L are shown in Figure 5.5. In 
general, the spectrum of the treated hemp fibre is similar to that of the buffer treated hemp. 
Only noticeable changes were an increase in intensity of the 897 cm-1 band attributed to the 
symmetric in-phase ring-stretching mode and a decrease in intensity of the 1431 cm-1 band 
attributed to CH2 symmetric bending. The lateral crystallinity index of samples was evaluated 
as the intensity ratio between IR absorptions at 1431 and 897 cm-1 assigned to the CH2 
symmetric bending mode and C1 group frequency respectively (Nelson and O'Connor 1964). 
IR lateral crystallinity index, decreased as a function of Scourzyme concentration and 
treatment time as shown in Figure 5.8 (a) and 5.9(a) respectively. The index was quite stable, 
though showed a small reduction at a low concentration and a short treatment time. This 
observation suggested that the crystalline structure of the fibres was gently disturbed, 
resulting in the presence of a less ordered cellulose structure after scouring. The index values 
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were decreased and they became constant at about 2.5% Scourzyme and 6 h treatment. This 
indicates the presence of a slightly ordered structure with no further structure disruption in the 
fibres. Another aspect of using FT-IR was to follow a change in surface composition of fibres 
after treatment. The FT-IR spectra of enzyme treated hemp and water extracted pectin are 
shown in Figure 5.5. The band at 1733 cm-1 in fibre spectra was attributed to the C=O 
stretching of methyl ester and carboxylic in pectin. This band was still present after treatment 
and indicated the degree of methylation in pectin (Bociek and Welti 1975).  
Pectin contains both esterified and carboxylic groups in the structure. The C=O band alone 
could not reveal the difference after removal of the carboxylic section of pectin, because the 
original position of carboxylic acid and esterified pectin was too close. In addition the acetyl 
group in hemicelluloses also occurred in the same region (David S Himmelsbach 2002).  
Fortunately, the water-extracted pectin showed a characteristic of carboxylate ion (Synytsya 
et al. 2003). The antisymmetric COO- stretching was present at ~1640 cm-1. The carboxylate 
and ester bands were well separated, leading to a measurable content for each fraction. A 
gradual increase of the 1640 to 1733 cm-1 ratio was obtained. This indicated that after 
treatment the pectin still existed but with a high degree of methyl ester content. 
 
Figure 5.5 Infrared spectra of; (a) buffer treated hemp fibres, (b) water extracted pectin,  
 (c) 1.2% Scourzyme, 1.5 h., (d) 1.2% Scourzyme, 6 h. and (e) 5% Scourzyme, 1.5 h. 
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This confirmed that the enzyme was for specific attack on, and gradual removal of, the non-
esterified fraction from the structure of pectin. Furthermore, the high content of methyl ester 
caused a reduction of the OH stretching band (weaker H-bond) as shown in Figure 5.5. This 
confirmed the result obtained from UV measurement. 
5.3.3.2 WAXD  
Figures 5.6 and 5.7 show X-ray diffractograms of hemp fibre treated with different enzyme 
concentrations and scouring times, respectively. There is no crystalline transformation of the 
crystalline structure since all treated fibres reveal the typical crystallographic pattern of 
cellulose I. It is important to note that the crystallinity index is used to indicate the order of 
crystallinity rather than the crystallinity of crystalline regions (Mwaikambo and Ansell 2001). 
This brought about the idea of following the changing of order of each crystalline plane in 
cellulose separately.  
Although X-ray diffractograms of enzyme treated fibres did not indicate any significant 
change in the overall form of the curve, a separation of the peak due to each diffraction plane 
was achieved through curve fitting using a set of Pseudo-Voigt curves to fit the experimental 
data. The major diffraction planes of cellulose I namely (101), ( 110 ), (021) and (002) are 
present at 14.8, 16.7, 20.7 and 22.5 2q angles (Krassig 1975). This operation resulted in 
disappearance of the amorphous diffraction at about 18° 2q degrees and was used for 
calculation of crystallinity index. Scourzyme treatment caused a decreasing area of the (002) 
plane and an increasing area of the ( 110 ) and (021) planes. The crystalline order index was 
determined from the fraction of the ratio of (002) to the sum of ( 110 ), (021) and (002) 
reflection areas.  
The variation of X-ray crystalline order index with Scourzyme L concentration is illustrated 
in Figure 5.8(b). Figure 5.9(b) shows the reduction of the X-ray crystalline order index of 
treated hemp as a function of scouring time. The results are in good agreement with the IR 
crystalline index shown in Figure 5.8(a) and 5.9(a). This signified a correlation of both 
characterisation techniques for crystalline order investigation of cellulose.   
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Figure 5.6 Wide-angle X-ray diffractogram and fitted data for Scourzyme treated hemp fibres: 
(a) 0% scourzyme, (b) 2.5% Scourzyme and (c) 5% Scourzyme. 
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Figure 5.7 Wide angle X-ray diffractogram and fitted data for 1.2% Scourzyme treated hemp 
fibres: (a) 1.5 h, (b) 6 h and (c) 24 h. 
 76
 
 
 
Figure 5.8 IR lateral crystallinity index(a) and X-ray crystallinity index(b) of hemp fibre 
dependence on Scourzyme concentration. 
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Figure 5.9 IR lateral crystallinity index(a) and X-ray crystalline order index(b) of hemp fibre 
dependence on scouring time. 
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5.3.4 Mechanical properties 
The mechanical properties of Scourzyme L treated hemp fibres are shown in Figure 5.10(a-c). 
The average values are presented within 95% confident interval variation.  
 
 
 
Figure 5.10 Mechanical properties of Scourzyme treated hemp single fibre dependence on 
Scourzyme concentration: (a) Tensile modulus, (b) Tensile stress at break, (c) Elongation. 
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Figure 5.11 Mechanical properties of Scouzyme treated hemp single fibre dependence on 
scouring time: (a) Tensile modulus, (b) Tensile stress at break, (c) Elongation.  
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The modulus of the fibres decreased gradually with Scourzyme L concentration (Figure 
5.10(a)). This was attributed to a reduction of non-cellulosic content that will bind the 
cellulose fibres together, which can be seen from SEM images (Figure 5.12(a-h).  
The tensile stress at break showed an identical trend with tensile modulus while elongation at 
break provided no correlated behaviour. This indicates that the increased amount of enzyme 
for treatment caused some degradation effect on mechanical properties of hemp fibre for the 
1.5 h treatment. However, prolonged treatment of hemp fibres could decrease the tensile 
modulus and stress at break of fibres more significantly than an additional amount of enzyme 
(Figure 5.11(a-c). 
The result was consistent with UV and TGA, suggesting a longer contact of fibres with 
enzyme solution improved elimination of pectin. This indicated the pectin that was removed 
in the early stage of reaction did not contribute much strength to the fibre. In contrast, the 
pectin deposited in cell walls provided strength to the fibres. This required longer time to be 
hydrolysed and detached from the cellulose. The UV spectra showed no increase of product 
after the first 30 min until 3 h, but a gradual reduction of mechanical properties was present. 
Gradual hydrolysis of this pectin chain may occur during this period. A single break in a 
pectin chain, however could not release the products into solution. A second attack may result 
in a product releasable to solution. Nevertheless, fibres retain strength from the cellulose 
structure, which was not disrupted by treatment. Only the pectin chain was degraded. 
5.3.5 Surface structure analysis 
5.3.5.1 Scanning electron microscope  
SEM images at magnifications between 300-1200 were obtained for controlled and enzymatic 
treated fibres reported in this work. Figure 5.12(a) shows the fibre bundles of untreated hemp 
covered by non-cellulosic materials. The fibre bundles were 80-100 mm in diameter. Figure 
5.12(b) indicates that a treatment without pectate lyase enzyme was not sufficient to remove 
all of the non-cellulosic materials from the fibres.  
The fibres treated by buffer solution, pH 8.5 alone exhibited a considerable surface roughness. 
Only the soluble fractions in buffer were partially extracted. The surface of 1.2% Scourzyme 
L treated fibres (Figure 5.12(c)) appears smooth but the fibres still resembled bundles.  
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 (a)  (b) 
 (c)  (d) 
 (e) 
 
 (f) 
 (g)  (h) 
Figure 5.12 SEM photomicrographs of Scourzyme treated hemp fibres: 
(a) Untreated hemp, (b) Buffer pH 8.5, (c) 1.2% Scourzyme, 1.5 h,  
(d) 1.2% Scourzyme, 6 h, (e) 1.2% Scourzyme, 0.5 h, (f) 0.2% Scourzyme, 1.5 h.,  
(g) 5%Scourzyme, 1.5 h and (h) 1.2% Scourzyme, 1.5 h, pH 6.5.  
 82
A further elimination of pectin was exhibited after an extended treatment time, 6 h (Figure 
5.12(d)), resulting in a smoother surface and deeper inter-fibrillar disintegration of the bundle. 
This indicated a sufficient scouring time.  
A short treatment time, 30 min, was not enough to expel fibres homogeneously. Some 
fragments were still present on the surface of fibres, (Figure 5.12(e)). This represents the 
incomplete activity of pectate lyase enzyme to break or depolymerise the pectin molecules in 
partial areas of the fibre.  
Figure 5.12(f) and 5.11(g) shows the treatment at low (0.2%) and high (5%) enzyme 
concentration. The lower concentration of enzyme resulted in a low activity of enzyme. 
Possibly the level of enzyme was only sufficient enough to expose the surface of the fibre 
stems, but not enough to proceed further to break down the calcified pectin between the fibres 
(David S Himmelsbach 2002).  
An extended treatment time seemed to be more promising than an increased enzyme 
concentration only. Scouring at a similar concentration (1.2%) of an enzyme at pH 6.5 (Figure 
5.12(h)) caused a lower change of fibre surface relative to pH 8.5 treated fibre. These results 
corresponded well with the optimum pH for enzyme being between pH 8 and 9.  
5.3.5.2 Brunauer-Emmet-Teller gas adsorption 
The increase of surface area, adsorption pore volume of enzyme treated fibre (Table 5.1) 
represented the exposing of surface and pores without collapse of cellulose structure, 
compared with alkalisation treatment.  
Table 5.1 BET surface area and pore structure of enzyme treated fibres. 
Sample Surface area 
(m2/g) 
Pore volume 
(mL/g) 
Pore size 
(Å) 
Raw hemp 0.334 0.00045 47.09 
Buffer 8.5 0.511 0.00202 98.52 
1.2% Scourzyme, 1.5 h 0.555 0.00192 106.6 
1.2% Scourzyme, 24 h 0.631 0.00323 133.7 
8% NaOH treated fibre 0.257 0.00004 6.49 
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The more successful the treatment, the more surface area and larger pore sizes were 
presented. This result was supported by only a small reduction of crystallinity order index that 
had been found in enzyme treated fibres. 
5.3.6 Thermogravimetric analysis 
TGA curves of water extracted pectin and treated fibres are presented in Figure 5.13. The 
observed weight loss starting at 260 °C is attributed to the decomposition of light fractions 
(pectin and hemicelluloses) (Fisher et al. 2002).  
The removal of pectin resulted in a significant reduction of weight loss and a shift of cellulose 
decomposition temperature, indicating a purity and thermal stability improvement. The 
weight loss was gradually reduced after a prolonged treatment and with a greater amount of 
enzyme employed. This correlated with the UV and SEM results and confirmed that pectin 
was removed by enzyme treatment.  
 
Figure 5.13 Enzyme treated hemp fibre and extracted pectin TG curves at 20 °Cmin-1.  
 84
5.4 Conclusion 
A single pectate lyase enzyme performed with a specific substrate activity. The pectate 
materials from the surface of hemp fibres were successfully removed without destroying the 
cellulose crystalline structure. The mechanical properties of the fibres were diminished with 
an absence of pectic substance, which played an importance role as a binder in the cellulose 
fibre bundles. This however was subject to the amount of removal and the decomposition site 
of the removed pectin. The removal of this lower molecular weight material, however 
improved the thermal stability of the fibre. An increase of surface area after treatment showed 
the exposure of previously covered fibre surface and sites where pectic material was 
deposited. This provided a suitable fibre surface ready for further modification, treatment or 
processing. 
CHAPTER 6  
Solvent and Enzyme Induced Recrystallisation of 
Mechanically Degraded Hemp Cellulose 
 
6.1 Introduction 
Biocomposites derived from cellulose are increasing in importance as a result of future 
concerns for biodegradation and material resource problems. An improvement in inter-phase 
adhesion is required and a convenient method to achieve this is through an increase in the 
specific surface area of cellulose fibre in composites. Microcrystalline cellulose (MCC) is an 
example of a high surface area cellulose fibre that is widely used in composite applications. 
MCC fibre was generally prepared by an acid hydrolysis reaction. This chemical process 
caused not only a partial hydrolysis of the cellulose but a loss of low molar mass components. 
In addition, partially hydrolysed fibre containing high crystallinity provides less accessibility 
for further modification. Moreover, the conjugated anion of the acid may remain after 
reaction and cause a depression in the thermal stability of the fibres (Scheirs et al. 2001). 
Hence, an alternative procedure was investigated to increase the surface area without mass 
loss of cellulose and to provide a high accessibility for any future modification or application. 
Mechanical disruption of fibres into microfibrils was a candidate method for the preparation 
of a highly accessible surface area fibre without loss of low molar mass components. A 
conventional ball-milling process is one of the techniques widely used to produce powdered 
cellulose by mechanical shearing and/or impaction (Vinson 1988). This method caused a 
reduction in the crystallinity of the cellulose fibres, especially those of high molar mass, DP0 
> 3000 g/mol (Marx-Figini and Victor-Figini 1995). The degree of structural disruption 
depended upon the conditions applied i.e. the size of the balls, rotation speed of milling and 
temperature (Kwan et al. 2003). Wet ball-milling caused a structural transformation from 
cellulose I to cellulose II (Ago et al. 2004). Nevertheless, the highly amorphous cellulose I 
obtained from dry milling was able to recrystallise and structurally rearrange to a higher 
crystalline order of cellulose I (Howsmon and Marchessault 1959). This suggested that 
preparation of a higher crystalline order and larger specific surface area fibres could be 
achieved by the use of a ball-milling process as the first pretreatment step. Then, instead of 
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acid hydrolysis, recrystallisation was conducted to obtain a cellulose with more highly 
ordered crystallinity. The advantage of this procedure is that moderately high crystallinity 
powdered cellulose was obtained without any mass loss as occurred with an acid hydrolysis. 
The ball-milled cellulose had highly accessible amorphous sites before the crystallization 
step. At this stage the fibres were suitable for other treatments such as chemical (Asko 1971), 
biological (Furcht and Silla 1990) and mechanochemical (Qui et al. 2004) prior to composite 
preparation. There is a possibility to conduct a pretreatment or introduce another modification 
species (Ramlakhan et al. 2000) into the fibres at this structural stage, followed by 
recrystallisation and preparation of a composite. The final fibre will have a higher crystalline 
order in addition to a treated or modified surface. The mechanical decrystallisation, treatment 
and recrystallisation are important processes to achieve modified fibres for composite 
applications. Hence, a study of fibre properties at each step was essential.  
This research aimed to characterise the structure of fibres during ball-milling and after 
recrystallisation. The ball-milling conditions were chosen and time of milling was varied.  In 
addition, the influence of recrystallisation conditions on the properties of cellulose was 
investigated. The dependence of solvent polarity, solvent-fibre ratio, agitation speed and 
drying rate on the properties of recrystallised fibres were investigated. The results showed the 
relationship of processing conditions of ball-milling and recrystallisation on the properties of 
the resulting fibres. The ball-milled cellulose was treated by pectate lyase (E.C. 4.2.2.2) 
enzyme scouring. This research demonstrated the convenience of the procedure for 
preparation of clean and high specific surface area cellulose powder without mass loss of 
cellulose. The relationship between cellulose structure, processing (ball-milling, scouring and 
recrystallisation) conditions and the thermal properties of the resultant fibres was revealed.  
6.2 Experimental 
6.2.1 Materials  
Hemp (Cannabis sativa L.) was obtained from Australian Hemp Resource and Manufacture.  
6.2.2 Ball-milling 
The untreated hemp fibres were cut with scissors such that the fibres were able to be ground 
into a smaller size in an IKA MF-10 grinding machine. 20 g of ground fibres (with 
equilibrium moisture content) were then placed in a 2 L ceramic cylinder, containing 200 
ceramic balls with a diameter of 13 mm and a mass of 5 g. The milling was carried out at 
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room temperature (25 °C) at a constant rotation speed of 200 rpm in the horizontal position. 
The maximum duration of milling was 330 min. Fibres were withdrawn from the cylinder 
after 5, 10, 20, 35, 55, 80, 110, 150, 200, 260 and 330 min of milling for cellulose structure 
investigation. Each fibre was collected from at least 10 different positions to minimise the 
error of sampling.  
6.2.3 Recrystallisation of ball-milled cellulose fibre 
6.2.3.1 The amount of water and drying rate  
A different amount of water, 0.05 mL and 5 mL was applied to 1 g of the 330 min ball-milled 
fibres. This was to investigate the effect of amount of water on the cellulose recrystallisation 
process. In addition, two different drying rates were conducted. Slow and rapid drying 
conditions were performed by leaving the fibre at room temperature and in an oven at 100 °C 
until dry. 
6.2.3.2 Mechanical shearing effect 
Water, 20 mL/g and mechanical agitation at 350 and 700 rpm were applied. The mechanical 
shearing apparatus was a Heidolph RZR 2051 laboratory strirrer coupled with an impeller 
blade. This aimed to determine the effect of shear force on the recrystallisation of cellulose. 
Different shearing rates were applied to suspended fibre by mechanical stirring. 
6.2.3.3 Solvent polarity effect  
This experiment aimed to study solvent polarity on the degree of recrystallisation of 330 min 
ball-milled fibre. 5 mL of acetone, ethanol and benzene were separately applied to samples of 
fibres. Each solvent was evaporated slowly at room temperature until dry.  
6.2.3.4 Bioscouring 
Scouring using 1.2% pectate lyase enzyme was introduced to the ground and 330 min milled 
fibres for 1.5 h. Reaction was conducted at 55 °C using a citrate-phosphate buffer solution to 
maintain pH at 8.5. The fibre to liquor ratio was 1:25. The aim was to investigate the 
influence of an increase in surface area on the scouring efficiency of enzyme treatment. 
Subsequently the recrystallisation was investigated. Details of this experiment were presented 
in Chapter 5. 
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6.2.4 Characterisation methods 
The change of physical properties, such as specific surface area, crystallinity index and 
thermal stability of the cellulose fibre after mechanical degradation were investigated by BET 
gas adsorption, WAXD and TGA techniques. Details of conducted measurements were 
explained in Chapter 3. 
6.3 Results and Discussion 
6.3.1 Surface morphology and surface area analysis of ball-milled cellulose 
Figure 6.1 shows the BET surface area and cumulative pore volume of ball-milled hemp 
fibres. The ground fibre was used as a starting fibre. Surface areas of raw hemp were doubled 
from 0.334 to 0.787 m2/g by the grinding. This subsequently resulted in pore volumes from 
0.00045 to 0.00252 cm3/g, indicating the breaking of the fibres into finer microfibrils 
producing more area at the cut edges and opening of the inner pore structure of the fibres.  
Surface area was increased almost linearly with milling time. This represented the bundle 
separation and the breakage of fibres that was continuing at a steady rate, although the fibres 
were progressively withdrawn from the reactor during the milling process. The surface area 
obtained was comparable with microcrystalline cellulose using the same BET technique 
(Zografi et al. 1984). Moreover, the rate of increase in cumulative pore volume declined after 
110 min. This indicated the internal pore sites were opened intensively during the early stages 
of processing.  
 
Figure 6.1 BET surface area and cumulative pore volume of ball-milled raw hemp fibre at 
various times of milling. 
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SEM images of ball-milled fibre are shown in Figure 6.2(a-f). The short fibre bundles (2a) 
were mechanically detached to form a small separate fibrous structure (2b). The aggregate 
cellulose powder (2c) was observed after an extensive milling time. This characteristic was 
observed after the milling of a pure Avicel cellulose (Kothari et al. 2002). Recrystallisation 
caused a disappearance of the diffuse outer surface (2d). However, noncellulosic materials 
still covered fibre surfaces. Pectate lyase treatment improved the surface purity of ground (2e) 
and 330 min ball-milled (2f) fibre, respectively. 
 (a)  (b) 
 (c)  (d) 
 (e)  (f) 
Figure 6.2 SEM images of ball-milled cellulose fibres: (a) 5 min milling, (b) 110 min milling, 
(c) 330 min milling, (d) 330 min milling, recrystallised with water and dry at room temperature, 
(e) ground fibre (0 min milling) treated with 1.2% Scourzyme, 1.5 h and (f) 330 min milling 
treated with 1.2% Scourzyme, 1.5 h. (scale bars vary from 20 mm to 100 mm) 
 
 90
 
Figure 6.3 X-ray diffraction of 5-330 min ball-milled raw hemp fibre. 
6.3.2 Crystalline structure and thermogravimetric analysis of ball-milled cellulose 
The X-ray diffraction pattern of ball-milled cellulose showed the characteristic peak of 
cellulose I polymorphs (Figure 6.3). The milling caused a reduction of intensity of the main 
cellulose structural crystalline plane (002), indicated the number of crystalline ordered 
scattering units was reduced, i.e. the crystallinity was reduced The milling of high water 
content cellulose (wet milling) caused a structural transformation from cellulose I to cellulose 
II (Ago et al. 2004). However, the X-ray diffraction pattern still showed the peak of cellulose 
I with an increased amorphous characteristic.  
The crystalline thickness of the peak due to the main crystalline plane (002) and the X-ray 
crystalline order index of the fibres were decreased with an increase in the milling time 
(Figure 6.4). No significant crystallinity reduction during the initial period (0-100 min) of 
milling was present. However, a positive deviation of the crystallinity was observed after the 
initial milling time. This characteristic indicated the recrystallisation of crystalline cellulose 
subjected to mechanical loads (Altunina et al. 2002). A gradual reduction was observed after 
110 min. Possibly during the initial milling period, the applied mechanical force separated 
and shortened the fibres rather than rupturing the crystalline structural order of the fibres.  
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Figure 6.4 The X-ray crystalline order index (<), the X-ray crystallinity index (T) and 
crystalline thickness of 002 plane in 0-330 min ball-milled hemp fibre ().  
Nevertheless, the rate of crystallinity reduction was lower after 260 min, which indicated the 
crystalline structural order was significantly disrupted between 110-260 min. The degree of 
crystallinity reduction depended upon the type of fibre, the milling system and the conditions 
applied (Kwan et al. 2003). In order to achieve a greater rate of structure breaking within a 
short milling time, the amount of fibre should be reduced and the rotation speed of the mill 
could be increased.  
It is important to note that the conditions selected in this research, especially for the short 
milling times conditions were quite suitable for preparation of high surface area fibres with 
less crystalline structural order disruption. The presence of cellulose I crystalline form 
indicated that the presence of water (~10%) in the fibres did not provide structural 
rearrangement into another crystalline form. The presence of non-cellulosic components 
tended to limit the amorphous cellulose produced by milling, from recrystallisation into 
cellulose II (Liang et al. 1993). Therefore employing untreated fibres that contained non-
cellulosic components only resulted in cellulose I structure. 
The dependence of the thermal stability on the structural order of ball-milled cellulose was 
observed using thermogravimetry. It was well known that ball-milled cellulose contained an 
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amorphous cellulose structure of low thermal stability (Majdanac and Teodorovic 1987). 
Nonetheless, thermogravimetry was performed to obtain a relationship between the X-ray 
crystallinity index and the thermal stability of ball-milled cellulose. The thermal stability of 
ball-milled cellulose was decreased gradually with an increase in milling time. This could be 
seen from a decrease in the temperature of the maximum mass loss rate (Figure 6.5).  
The correlation between the crystalline order index and the maximum degradation 
temperature with milling time (Figure 6.6) was obtained, indicating that degradation 
temperature was proportional to the crystalline order of cellulose. This was intended to 
acquire information about mechanical properties and thermal degradation of significance to 
cellulose materials. Generally, the mechanical properties of the cellulose powder were 
obtained from compression testing (Pitchumani et al. 2004). Thus the size and subsequently 
the crystallinity index of the cellulose powder were of significance to the mechanical 
properties. Control of the mechanical strength and the processing temperature would require 
this information. 
 
Figure 6.5 TGA results of 5-300 min ball-milled raw hemp. 
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Figure 6.6 Maximum degradation temperatures at various crystalline order index. 
6.3.3 Recrystallisation and enzyme scouring of ball-milled cellulose 
The cellulose powder from milling contained an excessive fraction of an amorphous cellulose 
structure. This structural state could be rearranged to a higher structural order by using water 
as a solvent. Microcrystalline cellulose fibre contains a high surface area and the crystalline 
structure was suitable for composite reinforcement. Acid hydrolysis is the general procedure 
for preparation of microcrystalline cellulose. The cellulose chains are shortened and the 
amorphous fraction is hydrolysed. The loss of cellulose during hydrolysis and the low thermal 
stability after acid treatment seem to be the disadvantages of this method. Thus, an alternative 
method was introduced by the recrystallisation of ball-milled cellulose powder. The 
subsequence fibres might have a lower crystallinity index than the acid hydrolysed cellulose 
but no resulting contaminants was an advantage. The 330 min ball-milled cellulose fibre was 
used to prepare a higher crystalline structural order by a recrystallisation process. This is 
because the low crystallinity ball-milled fibre showed greater recrystallisation than the high 
crystallinity ball-milled fibres. Various conditions such as the drying rate, mechanical 
agitation speed and solvent polarity were introduced. The crystalline structure and thermal 
stability was observed. 
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Figure 6.7 X-ray diffractogram of a recrystallized 330 min ball-milled fibre  
with different drying conditions. 
6.3.3.1 Water amount and drying effect 
The slight increase of crystallinity index after adding 0.05 mL of water is shown in Table 6.1. 
Oven drying at 100 °C was compared with room temperature drying. A higher drying rate 
resulted in more structural order, observed from the higher intensity of the peak due to the 
cellulose crystalline plane (Figure 6.7). Possibly the water between the cellulose chains was 
removed by the higher temperature, than for room temperature drying. The degree of 
structural recovery was higher, as indicated by a ~50% improvement of the crystallinity index 
(from 36 to 58) that was comparable with a 200 min ball-milled cellulose.  
6.3.3.2 Agitation effect  
The external force of mechanical agitation was applied to the mixture of cellulose fibres and 
water. Figure 6.8 shows an X-ray diffractogram of recrystallised cellulose powder. An 
increase in agitation rate from 350 to 700 rpm resulted in a slight increase in the intensity of 
the X-ray diffraction pattern. This suggested that the rate of agitation was not intensive 
enough to destroy the crystal structure and short macromolecular chains, as was observed in 
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acid hydrolysis (Doelker and Gurny 1987). On the other hand, the agitation force was 
sufficient to enhance the structural rearrangement during recrystallisation.  
 
Figure 6.8 X-ray diffractogram of recrystallised 330 min ball-milled fibre with different 
mechanical agitation rates. 
 
Figure 6.9 X-ray diffractogram of 330 min ball-milled fibres that recrystallised  
with different solvents. 
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Figure 6.10 shows the thermal degradation of recrystallised ball-milled cellulose. An 
improvement of thermal degradation temperature was found after the recrystallisation. 
Nevertheless there was no improvement of thermal degradation after using 0.05 mL water. 
The temperature at the maximum degradation rate was increased from 340 °C to 360 °C. 
Moreover, the larger the amount of water in the recrystallisation gave a higher degradation 
temperature, up to 400 °C. An external shearing force from mechanical agitation was applied 
to a mixture of cellulose powder and water. A slight improvement of maximum degradation 
temperature with mechanical agitation was observed. In addition, the rate of mass loss was 
decreased. This indicated the structural order and purity of fibres were improved 
simultaneously by the agitation. The applied force probably enhanced the rearrangement of 
cellulose chains and removed the water-soluble fraction from the fibres. 
 
Figure 6.10 TGA result of recrystallisation with different mechanical agitation rates. 
6.3.3.3 The solvent effect 
A change from water to other solvents, such as acetone, benzene and ethanol was conducted 
in this research. Generally, the X-ray pattern of solvent recrystallised cellulose was similar to 
untreated cellulose, but the intensity was increased (Figure 6.9). Nevertheless, the 
crystallinity index of the fibres was not changed extensively (Table 6.1).  
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Table 6. 1 Crystallinity index of recrystallised ball-milled fibre (330 minutes). 
Recrystallisation treatment Crystalline order index Crystallinity index 
Untreated ball-milled fibre 36.5 58.2 
Water content of fibre (mL/g)   
Room temperature drying 
0.05 mL 
 
42.8 
 
66.6 
5 mL 55.5 72.0 
Oven drying 
5 mL 
 
59.0 
 
70.2 
Stirring, 20 mL water   
0 rpm 53.5 71.3 
350 rpm 58.0 68.8 
700 rpm 60.5 68.4 
Solvent   
Acetone 38.6 61.0 
Benzene 39.6 51.5 
Ethanol 42.2 60.6 
Enzyme scouring 62.1 67.5 
 
 
 
Figure 6. 11 TGA results of recrystallisation with different solvents. 
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Hence, no thermal stability improvement was observed in a solvent recrystallisation, except 
when using water (Figure 6.11). The cellulose chains under non-aqueous conditions probably 
approached each other more closely and then made tight aggregates that were formed by 
direct hydrogen bonding, (Tanaka and Fukui 2004) since there was less possibility for chains 
to be recrystallised. As a result, the benefit of using a non-solvent was to maintain the original 
approachable structure (less order) of ball-milled cellulose during future modification. Since, 
the solvent system that has lower effect on the change of cellulose structure (low level of 
recrystallisation) may be preferred for use as a medium for further modification. 
Nevertheless, in a finishing process, the best solvent may be used for recrystallisation to 
obtain a higher crystalline structural order.  
6.3.3.4 Enzyme scouring 
Recrystallisation with water only may be able to provide a higher order of crystalline 
structure, though still having less purity. Pectate lyase enzyme treatment was applied to 
obtain a high crystalline structural order and purer cellulose fibres (Figure 6.2(e-f)) in the 
same step. Moreover, the higher surface area of cellulose powder was suitable for enzyme 
treatment due to the presence of increased substrate sites for enzyme binding. This resulted in 
a greater enzyme activity obtained from UV measurement as shown in Table 6.2. The X-ray 
diffraction of enzyme treated ball-milled fibre is shown in Figure 6.8. The crystalline 
structure of enzyme treated cellulose fibre was comparable with water recrystallisation 
without agitation. In addition, the thermal degradation after enzyme treatment was improved 
from recrystallisation with water only (Figure 6.10), representing the purer fibre. The 
observed mass loss (~12%) starting at 210 °C was attributed to the decomposition of 
interfibrillar fractions (pectin and hemicelluloses). The removal of pectin resulted in a 
disappearance in mass loss at this temperature. This indicated that milling enhanced the 
access of pectate lyase enzyme to remove a pectate substance; subsequently the water in the 
enzyme solution could recrystallise cellulose to yield a greater structural order. Nevertheless 
the surface area after enzyme treatment declined from 3.712 m3/g to 1.793 m3/g. 
Table 6. 2 Pectate lyase (EC 4.2.2.2) activity by UV spectrometry measurement of hemp fibres 
with different surface area.  
Sample  BET surface area (m2/g)  UV absorbance at 235 nm 
Long fibre 0.334 0.4827 
Ground fibre 0.787 0.5347 
Ball-milled 330 min 3.712(1.791)a 0.5549 
aAfter treatment by enzyme 
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The fibres obtained from all the recrystallisation conditions were characteristic of cellulose I 
from the X-ray pattern. The result was consistent with other observations using different 
sources of cellulose (Bertran and Dale 1985). It is importance to note that the amorphous 
structure of cellulose I can be rearranged to the original lattice form and/or cellulose II. 
Recrystallisation to cellulose II lattice form required an initial amorphous composition greater 
than 75% (Iyer et al. 1984). The crystallinity index of 330 min ball-milled cellulose was 
higher than the original values, since the cellulose I structure was obtained after all 
recrystallisation conditions. The presence of cellulose I nuclei seems to be a prerequisite for 
crystallisation into cellulose I lattice by a single mechanism, the nucleation process .  
Interestingly the X-ray diffractogram background of recrystallised cellulose showed the same 
magnitude as the 330 min ball-milled cellulose. Generally the calculation of crystallinity 
index by the integration method used a broad background peak under the major diffraction 
plane as the amorphous fraction (Bang et al. 1999). This suggested that the recrystallisation of 
an amorphous fraction into an ordered crystalline structure did not affect the integration 
intensity of the broad background peak. Hence, it is possible to mention that the broad 
background peak is a combination of each of the major diffraction planes and the presence of 
the amorphous structure is not observed in the diffraction pattern. This statement was 
supported by the constant intensity at ~18° of 2q with milling time (Figure 6.3). This value 
represented the amorphous cellulose content, which was used for crystallinity index 
calculation along with the intensity of the main crystalline plane (002) and the amorphous 
fraction (Segal et al. 1959). 
Finding the diffraction pattern unchanged does not imply that there was no change in 
amorphous structure after ball-milling or no recrystallisation from amorphous into higher 
ordered structures. However, the calculation of crystallinity index using the intensity at ~18° 
of 2q or the background peak as a reference for the amorphous content did not fit the result 
obtained. Since the change of amorphous content did not affect the presence of intensity of 
the background peak. Therefore, the crystalline order index proposed in our previous work 
was introduced. This index was calculated from the area fraction of the (002) plane and other 
major planes, (021) and ( 110 ). The X-ray crystalline order index was measured to represent 
the degree of crystalline order in the fibres. The appearance of non-parallel cellulose chain 
axis diffraction plane (021)) occurred while there was a decline of the (002) fibre diffraction 
plane that parallels the cellulose chain. This seemed to indicate the degree of perfection of the 
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best-ordered fraction, (002) in the cellulose chain was changed. The application of this 
calculation may be suitable to represent the structural order of cellulose or the preferential 
fibril orientation in the fibre, rather than the amount of amorphous content. 
6.4 Conclusions 
Untreated hemp fibres were ground and ball-milled. The time dependent structural disruption 
was evaluated by X-ray scattering, represented by the crystallinity index and crystalline 
spacing of cellulose fibres was decreased by mechanical force from the ball-mill. The thermal 
stability of fibres decreased with an increase in milling time, indicating the structural 
dependence of the thermal degradation. The cellulose structure could be recrystallised by 
using water to achieve a higher structural order. The amount of water, drying rate and 
agitation speed were the factors that affected the degree of structural order from 
recrystallisation. Lower polarity solvents had a slight effect on the recrystallisation of 
amorphous cellulose; therefore, a change in thermal stability could not be observed. The ball-
milled fibre treated by pectate lyase enzyme (EC 4.2.2.2) showed a greater purity than 
treatment using water only, resulting in an improvement of thermal stabilisation and structural 
order. 
 CHAPTER 7  
Composition, Structure and Thermal Degradation of Hemp 
Cellulose after Chemical Treatments 
 
7.1 Introduction 
The bast fibres in hemp are bound by a central lamella and arranged in bundles, separated by 
the cortex parenchyma cell with pectic- and hemicellulosic-rich cell wall (Vignon et al. 1996; 
Garcia-Jaldon et al. 1998). The particular species, time of cultivation and weather produce 
differences in non-cellulosic composition (Van Der Werf et al. 1994; Keller et al. 2001). The 
hemp bundle bast fibres were found to contain a large amount of pectins (18%), 
hemicelluloses (16%) and a small amount of lignin (4%) (Vignon et al. 1996; Garcia-Jaldon 
et al. 1998). These chemicals are not thermally stable and tend to degrade at an early stage of 
heating. Further processing of a composite requires thermal stability information for materials 
selection and process operation. Removal of noncellulosics from fibre surfaces was suggested 
to achieve this purpose. Various degrees of purity are required for different applications. 
Therefore, several methods have been applied to hemp cellulose.  
Firstly, solvent extraction is an important method conducted to remove the extractable 
fraction from cellulosic fibres (Van Der Werf et al. 1994; Keller et al. 2001). This procedure 
may cause slight damage to the fibre structure and results in a more exposed cellulosic 
surface. Secondly, the chemical process of mercerisation is widely used to modify many types 
of cellulosic fibres. It is a well-known treatment for fibres using alkaline solution, prior to 
composite formation. Most of the non-cellulosic components and part of the amorphous 
cellulose can be removed by mercerisation. The treatment not only changes the chemical 
composition of fibres but can rearrange or transform the crystalline structure of cellulose I to 
cellulose II, especially when a high concentration of alkali has been applied. Thirdly, a recent 
method is a biological treatment process. The substrate of interest can be removed by a 
specific enzyme. Pectate lyase enzyme (EC 4.2.2.2) is recommended to remove low methoxy 
pectin. This process is an environmentally friendly process. Different treatments cause a 
variation in the degree of impurities removed as well as the degree of structural disruption. 
The effect of the difference in non-cellulosic composition and degree of structural disruption 
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on the thermal stability is an important issue to be investigated. Several characterisation 
techniques are suitable; however, the focus here is on thermogravimetry (Muller-Hagedorn et 
al. 2003). 
Thermogravimetry is one of the most widely used techniques to monitor the composition 
(Muller-Hagedorn et al. 2003) and structural (Majdanac and Teodorovic 1987) dependence on 
the thermal degradation of natural cellulose fibre. This is because the different compositions 
and supramolecular structures of cellulose behave differently when undergoing thermal 
degradation. The aim was to investigate the dependence of thermal degradation on the applied 
purification methods; solvent extraction, mercerisation and enzyme scouring. 
Thermogravimietry was used to calculate the kinetic activation energy of cellulose 
degradation based on mass loss of cellulose.  
7.2 Experimental 
7.2.1 Materials 
Hemp (Cannabis sativa L.) was obtained from Australian Hemp Resource and Manufacture 
(AHRM). The solvent extracted, mercerised and pectate lyase enzyme scoured fibres from 
previous Chapters 4-6 were employed.  
7.2.2 Characterisation methods 
7.2.2.1 Thermogravimetry 
Dynamic experiments were performed using a Perkin-Elmer TGA7 instrument. Temperature 
programs for dynamic tests were from 35-850 °C at a heating rate of 2.5-30 °C/min. The 
measurements were conducted under nitrogen (20 mL/min) and switched to air at 700 °C.  
7.2.2.2 Other characterisations 
Other measurement such as FT-IR, WAXD and SEM were employed to assist with the 
interpretation of results. In combination with X-ray diffraction analysis, an understanding of 
the structural and thermal degradation relationship of cellulose fibres with treatment methods 
was achieved. Further experimental details are explained in Chapter 3. 
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7.3 Results and Discussion 
7.3.1 Infrared spectra 
The aim of using FT-IR is to measure the change of surface composition of fibres after 
treatment. Infrared absorbance spectra of hemp fibres after acetone extraction, mercerisation 
and enzyme scouring are shown in Figure 7.1. In general, the spectrum of the solvent treated 
hemp fibre is similar to that of the untreated hemp. However the vibration peak at 1733 cm-1 
attributed to the C=O stretching of methyl ester and carboxylic acid in pectin disappeared 
from mercerised fibres. This indicated the removal of pectin and hemicelluloses by 
alkalisation.  
The band at 830 cm-1 attributed to an aromatic C-H out-of-plane vibration in the lignin was 
decreased in intensity after the acetone extraction and mercerisation (Sun et al. 1996). This 
indicated that the treatment reduced lignin content. This was contrary to the result exhibited 
by the enzyme treated fibres. The result of enzyme treatment was previously presented in 
section 5.3.3.1. 
 
Figure 7.1 IR spectra of hemp fibres; (a) untreated, (b) acetone extracted, (c) 8%NaOH treated 
and (d) 1.2% Scourzyme, 1.5 h treated. 
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Table 7.1 The X-ray and IR crystallinity index of treated hemp fibres 
Solvent extraction Mercerisation Enzyme scouring 
 X-ray IR Conc. 
(%wt/v) 
X-ray IR Time 
(h) 
X-ray IR 
Raw 63.3 2.21 Raw 63.3 2.21 Raw 63.3 2.21 
Hexane 66.4 1.13 3 75.5 1.85 0.5 h 72.0 1.50 
Benzene 63.8 1.41 8 72.6 1.80 1.5 h 64.0 1.50 
Acetone 67.4 2.15 12 66.4 0.63 6 h 57.2 1.33 
Ethanol 60.4 1.41 20 58.2 0.88 24 h 58.0 1.35 
 
The IR lateral crystallinity index exhibited a variation with treatment as shown in Table 7.1. 
The solvent extracted and 8% NaOH treated fibres showed a slight decrease of the index. 
After enzyme scouring, however, a slight decrease of crystallinity index suggested that the 
crystalline structure of the fibres was mildly disturbed resulting in the presence of less ordered 
cellulose structure.  
7.3.2 X-ray diffraction results 
Figure 7.2 shows X-ray diffractograms of the untreated, acetone extracted, mercerised and 
bioscoured hemp fibres. The major diffraction planes of cellulose namely (101), ( 110 ), (021) 
and (002) are present at 14.8, 16.7, 20.7 and 22.5° 2q angle (Krassig 1975).  
Untreated fibre shows the characteristics of cellulose I. Solvent extraction by acetone caused 
no change to the cellulose structure. However the alkaline treatment with 8% NaOH caused 
an increase in intensity of the (002) plane.  
As the concentration of NaOH reached 20 %wt/v, the crystalline transformation to cellulose II 
could be observed. The 20% NaOH treatment decreased the intensity of the (002) plane and 
increased the intensity of the ( 110 ) and (021) planes. A new (101) diffraction plane at the 
lowest 2q represented the introduction of cellulose II after treatment. This cellulose structural 
change was likely to directly affect the thermal degradation characteristic of the fibre. 
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 There was no crystalline transformation of the crystalline structure in the enzyme treated 
fibres. It is important to note that the crystallinity index was used to indicate the order of 
crystallinity rather than the crystallinity of crystalline regions (Mwaikambo and Ansell 2002). 
This brought about the idea to measure the changing of order of each crystalline plane in 
cellulose separately. The crystalline order index was determined from the fraction of the ratio 
of the (002) to the sum of ( 110 ), (021) and (002) reflection areas explained in Chapter 3.  
The X-ray crystalline order index results are presented in Table 7.1. There was a variation of 
results in the solvent extracted sample. The crystallinity of fibres treated by 8% NaOH was 
increased. The better packing or stress relaxation was brought about by the removal of pectin 
as also suggested by FT-IR (Ray 1969). Higher concentration of NaOH induced mercerisation 
of cellulose I into II, which resulted in the decrease of crystallinity. After the enzyme 
treatment, the results showed a reduction of the X-ray crystalline order index as a function of 
scouring time.  
 
Figure 7.2 X-ray diffractogram of treated hemp fibres. 
 106
7.3.3 Scanning electron microscopy 
SEM images at magnifications between 500-600 were obtained for controlled and enzymatic 
treated fibres reported in this work. Figure 7.3(a) shows a fibre bundle of untreated hemp 
covered by non-cellulosic materials. The fibre bundle was 150-160 mm in diameter. Figure 
7.3(b) indicated treatment with acetone was not sufficient to remove all of the non-cellulosic 
materials from the fibres. Only the solvent soluble fractions were extracted.  
The fibre treated with NaOH exhibited a considerably cleaner surface (Figure 7.3(c)). The 
surface of 1.2% Scourzyme L, 6 h treated fibres (Figure 7.3(d)) appears smoother with deeper 
inter-fibular disintegration of the bundle. This indicated a sufficient scouring time of 6 h. The 
disappearance of any non-cellulosic components from the fibre seemed to have a significant 
effect on the thermal stability. This will be discussed in the following section. 
 
 (a)  (b) 
 (c)  (d) 
Figure 7.3 SEM images of (a) raw, (b) acetone treated, (c) 8% NaOH treated and  
(d) 1.2%, 6 h Scourzyme treated hemp fibres. 
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7.3.4 Thermal degradation of cellulose 
The differential thermogravimetry (DTG) curves (Figure 7.4) of untreated hemp fibre show 
an initial peak between 50 and 160 °C, which corresponds to a mass loss of absorbed moisture 
of approximately 5%. After this peak, the DTG curve showed three decomposition steps: (1) 
the first decomposition shoulder peak at about 250-320 °C is attributed to thermal 
depolymerisation of hemicelluloses or pectin (mass loss 10%); (2) the major second 
decomposition peak at about 390-400 °C is attributed to cellulose decomposition (mass loss 
55%); (3) the small peak at 420 °C (mass loss 30%) may be attributed to oxidative 
degradation of the charred residue.  
The last peak in a nitrogen environment occurred from the residue loss and occurred after 
switching gases from nitrogen to air. Decomposition in air was more complete and proceeded 
at a lower temperature than in nitrogen as a result of the presence of free radicals and 
oxidation does include only free radicals (Shafizadeh and Bradbury 1979). Nevertheless the 
reported TGA measurements were conducted under an inert atmosphere. 
 
Figure 7.4 The TG and DTG of untreated hemp fibre heated at 20 °C/min in nitrogen and air.  
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7.3.4.1 Solvent extraction  
The effect of solvent on the DTG peak position is reported in Figure 7.5. The extraction 
lowered the DTG maximum peak position compared with the untreated fibres. This decrease 
depended significantly on the hydrophobicity of the applied solvents. Benzene treated fibres 
exhibited the lowest maximum decomposition temperature, followed by the hexane, acetone 
and ethanol treated fibres, respectively. Thus, the extracted composition that had the highest 
hydrophobicity property might be responsible for the thermal retardation of cellulose fibre 
degradation. Lignin as a component of the fibres was degraded at a higher temperature. The 
structure of lignin is a highly aromatic polymer. Possibly, it was removed by benzene in 
larger amount than the other solvents. Moreover, no reduction of the shoulder peak was 
observed for all solvent extracted fibres. This indicated the removed compositions were not of 
substances that degraded at a low temperature. In addition a quantitative thorough study on 
the factors influencing thermal degradation of this fibre is required. 
Although solvent extraction can remove impurities from the surface of the fibres; it could not 
improve the thermal stability of cellulose. No structure disruption was found in solvent 
extracted fibres. Solvent extracted fibre had slight increase in crystallinity compared with the 
untreated fibres but it underwent thermal degradation at a lower temperature. This was 
probably due to the loss of the lignin fraction that had a high thermal stability. The occurrence 
of this material could prevent cellulose degradation and retain the degradation at a high 
temperature (Fisher et al. 2002).  
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Figure 7.5 DTG of solvent extracted hemp fibres heated at 20 °C/min in nitrogen. 
7.3.4.2 Mercerisation 
Results obtained for the hemp fibers after the mercerisation treatment showed that mass loss 
depended on concentration of NaOH solution. The mercerisation treatment lead to a fibre 
mass loss of 7.0, 9.6, 12.3, 14.1, 14.0, 14.7 and 15.6 %wt for NaOH of 3, 5, 8, 10, 12, 15, and 
20 %wt/v respectively. The mass loss took into account the removal of soluble matter during 
washing. The structure of cellulose transformed from cellulose I to cellulose II in 20% NaOH 
treated, but the 8% NaOH still maintained the original structure with a higher degree of 
crystallinity index. DTG results (Figure 7.6) showed a thermal stability change after 
pretreatment. The main decomposition temperature increased from 397.4 °C (raw) to 410.3 
and 401.1 °C for the 8% NaOH and 20% NaOH mercerised fibers, respectively. The shoulder 
of the DTG peak at about 250-320 °C disappeared after treatment, indicating mass loss at this 
stage was mainly pectin and hemicelluloses. This corresponded well with the disappearance 
of the C=O band in the IR spectra of mercerised fibres. According to the IR results, it was 
apparent that this significantly affected the beginning of thermal degradation. The onset of 
degradation of mercerised fibre was improved compared with untreated fibre. This 
represented the removal of water-insoluble chemicals by alkaline reaction, which affected the 
main decomposition of cellulose. The decreased temperature of maximum degradation rate of 
the resulting fibres indicated that a lower order of cellulose structure was present after strong 
alkaline solution treatment. This was confirmed by the reduction of X-ray crystallinity index.  
 
Figure 7.6 DTG of mercerised hemp fibre at 20 °C/min in nitrogen.  
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7.3.4.3 Enzyme scouring 
TGA curves of water extracted pectin and treated fibre are presented in Figure 7.7. The 
observed mass loss starting at 260 °C was attributed to the decomposition of light fractions 
(pectin and hemicelluloses) (Fisher et al. 2002). The removal of pectin resulted in a 
significant reduction in mass loss at this temperature and a gradual shift of the maximum 
decomposition rate to higher temperature. This indicated a purity and thermal stability 
improvement with an increase in treatment time. According to the IR result for the extracted 
pectin, the type of pectin present in the fibre was a pectate (Synytsya et al. 2003). The thermal 
stability enhancement may be attributed to the absence of low methoxy pectin, especially the 
one containing pectate salt (Godeck et al. 2001). The presence of an ion can lower the 
degradation temperature. Nevertheless, the rate of decomposition was increased. This could 
be explained by a char created by the degradation of pectin. A slight amount of pectin resulted 
in a low amount of char formation. Generally, the presence of char could limit the rate of 
decomposition of a material by delaying the volatility rate of the gases produced. Hence the 
removal of pectate caused a greater rate of cellulose mass loss. Although the structure of 
scoured fibre was slightly disrupted after treatment, the thermal stability was improved. This 
indicated the presence of pectin had a more significant effect than the slight structural 
disordering. However, this demonstrated the success of the enzyme scouring method that 
improved thermal stability as well as preserving the structure of the cellulose. 
 
Figure 7.7 DTG of enzyme scoured fibre heated at 20 °C/min in nitrogen. 
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7.3.4.4 Comparison of TGA after different treatments 
The comparison of thermal degradation between the different treatments is shown in Figure 
7.8. The DTG of acetone treated fibres showed a reduction of temperature at the maximum 
degradation rate of cellulose. The compositions that degraded at low temperature were still 
present after acetone extraction. This confirmed that the extracted composition was not the 
one degraded at lower temperature. In comparison with Scourzyme L treated fibres, the 
absence of mass loss belonging to low methoxy pectin and a shift of the degradation 
temperature to higher temperature were observed. Moreover the decomposition rate was 
increased. A further slight increase of degradation temperature was observed in NaOH treated 
fibres. This was probably because more non-cellulosic material was removed and the high 
degree of structural order was retained. This revealed a relationship between structure and the 
thermal degradation of cellulose. A greater crystalline structure required a higher degradation 
temperature (Yang and Kokot 1996). However, both non-cellulosic components and the 
crystalline order of cellulose played an important role in thermal degradation of the fibres.  
 
Figure 7.8 DTG of various treated hemp fibres heated at 20 °C/min in nitrogen. 
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7.3.5 Kinetic measurement  
Figure 7.9(a-b) represents the degradation of untreated fibre at different heating rates. It has 
been suggested that to avoid compensation effects in the estimation of the kinetic constants, 
different heating rate should be considered (Meszaros et al. 2004). Heating rates of 2.5, 5, 10, 
15, 20, 30 °C were chosen to study the thermal degradation kinetics of hemp fibre. A shift in 
the temperature of the maximum degradation rate occurred with increasing heating rate 
(Figure 7.9(b)). The initial sample size of fibre was controlled between 1.3-1.6 mg to avoid 
heat transfer problems at higher heating rates (Volker and Rickmann 2002). This observation 
can be seen from the constant mass loss rates over the entire experimental range. From the 
kinetic evaluation, the major processes of degradation were considered, as indicated for the 
maximum temperature (DTG) in Figure 7.9(b).  
 
 
Figure 7.9 Raw hemp fibre heated at 2.5-30 °C/min in nitrogen (a) TG, (b) DTG. 
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The degradation of cellulose was regarded as a first order-reaction (Brandbury et al. 1979). 
Log(heating rates) were plotted against 1/(temperature) for each specific conversion (Figure 
7.10).  
 
Figure 7.10 Arrhenius plots of logarithm of the heating rate versus the reciprocal temperature at 
different conversions.  
The slope of the obtained linear plots was used to calculate a rate constant for the thermal 
composition at each selected conversion. The cellulose pyrolysis process cannot be described 
by single activation energy over the whole pyrolysis range. Thus in this work, the conversion 
from 15-65% was chosen. Therefore, the activation energy over the main decomposition 
region (300-400 °C) was calculated using an Arhenius plot in accordance with Ozawa’s 
method (Ozawa 1970) and ASTM E1641-99 using the following equation: 
)/1(/)(log)/( TbREa DD-= b      7.1 
where Ea is the activation energy, J/mol, b the approximation derivative in 1/K, b the heating 
rates in K/min, T the temperature (K) at constant temperature and R the gas constant 8.314 
J/(molK). 
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Figure 7.11 Activation energy of raw and treated hemp fibres at various conversions. 
The activation energy (Ea) at various conversions is shown in Figure 7.11. The obtained Ea 
was in the range of 130-190 kJ/mol. This depended upon the conversion and treatment 
applied. Ea changed drastically from low (15%) to high (45%) conversion and was then quite 
stable at higher conversion. This indicated the degradation mechanism at low conversion was 
different from that at high conversion. Possibly the deviation at low conversion indicated the 
cleavage of linkages with difference bond energies. However, Scourzyme L treated fibre 
showed the most stable activation energy over the entire conversion. Untreated and 
mercerised fibres showed a similar characteristic and trend. However, they showed a large 
difference in activation energy at low conversion with the enzyme treated fibre. The higher Ea 
of enzyme treated fibre indicated greater purity than untreated fibre. Interestingly after 
treatment by sodium hydroxide solution, the degradation provided a low Ea at low conversion 
similar to the untreated fibres, although most of the non-cellulosic components were removed 
and the fibre crystallinity was increased after treatment. The presence of an alkali ion can 
depress the thermal degradation (Tanczos et al. 2003). The most probable function of the 
alkali was to promote ionisation of hydroxyl groups in the cellulose molecules (Michie and 
Neale 1964). This occurred at significantly lower conversion because the alkali could access a 
lower ordered structure of cellulose. This part of the structure degraded at lower temperature 
than the higher ordered part. Hence, it is possible that the presence of unremoved alkali metal 
ion produced this degradative characteristic of the fibres. Any remaining metal ions may be 
present as salts with carboxylate groups of retained non-cellulosic carbohydrates or lignin. 
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7.4 Conclusions 
The treatment of hemp fibre by solvent extraction, enzyme scouring and mercerisation was 
conducted in this research. The FT-IR results indicated a change of noncellulosic components 
in the treated fibres. The X-ray crystallinity index depended on the method applied and the 
treatment conditions. Thermogravimetry revealed that thermal degradation of hemp depended 
mainly on the cellulose structure and the content of non-cellulosic components that were 
present in the fibre. The enzyme scoured fibres provided the greatest improvement of purity 
and thermal stability, as indicated from SEM images and high degradation activation energy. 
The kinetic activation energy of thermal degradation of the treated fibres varied with 
conversion. Comparison between the methods for purification of natural fibres has shown that 
non-cellulosic components are removed, depending on the method employed, and the 
crystalliinty and crystalline form of the cellulose may be modified by the treatment or the 
absence of interaction from the extracted component. The components of the fibres and the 
nature of the cellulose contribute signiificantly to the thermal stability. 
CHAPTER 8 
Structure and Mechanical Properties of All Hemp Cellulose 
Composites  
 
8.1 Introduction 
Sustainable bio-composites obtained from renewable resources are receiving increased 
attention, concerning potential reduction of petrochemical feedstocks and the hazards of 
traditional fibreglass composite waste management (Mohanty et al. 2002). The widely used 
semi-biocomposites i.e. PP (or PE)-cellulose are not sufficiently eco-friendly because of the 
petroleum base and non-biodegradability of the matrix. PHBV and PHO composites 
containing cellulose are examples of green composites (Dubief et al. 1999; Shibata et al. 
2002). Nevertheless, modification of cellulose is still required to improve the interfacial 
adhesion in composites. The difference between polymer and matrix caused variation of 
biodegradation times (Shibata et al. 2002). Usually good interfacial adhesion between fibre 
and matrix is the expected requirement for composites. This requires compatibility from both 
materials. 
Composites derived from fibre and matrix of a similar chemical structure are of increasing 
interest. The main rationale is the resulting better interfacial adhesion. An attempt to use the 
same component but with different physical properties for composite production such as PP, 
PE fibre-matrix composites has been introduced (Lacroix et al. 1999; Flores 2001; Houshyar 
et al. 2005). Interfacial adhesion was improved without surface modification requirement. 
This brought about the idea to prepare a composite (matrix and filler) that contained the 
materials from a sustainable resource without an interfacial problem and totally 
biodegradable. 
Cellulose is the most abundant biomass resource and has a potential to be an alternative feed 
stock for composite manufacturing. The cellulose is not meltable. However, it can be 
dissolved in several solvents (Woodings 2001). Instead of a melt mixing process, the 
composite containing all cellulose could be prepared by an addition of cellulose fibres into the 
cellulose solution or via versa. An example of composites that have all components derived 
from cellulose was prepared by the impregnation of 3% pulp cellulose in dimethylacetamide 
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(DMAc) and lithium chloride (LiCl) solution into a rami fibre (Nishino et al. 2004) and the 
partial dissolution of microcrystalline cellulose powder in the similar solution (Gindl and 
Keckes 2005). The mechanical properties of this composite relied upon the similarity between 
the matrix and the fibre. However, an alternative process to prepare a cellulose solution is by 
using N-methyl-morpholine N-oxide (NMMO) was claimed to be environmentally friendly 
and the most economic method for producing regenerated cellulose compared with the 
Viscose process. The basic closed loop process with full recovery of solvent was an 
advantage of this process. Moreover the wastewater produced from this process was less 
harmful and completely treated by the ozonisation and activated sludge method (Stockinger et 
al. 1996; Meister and Wechsler 1998). The main product of the NMMO process is Lyocell or 
Tencel fibre with outstanding properties (Kreze et al. 2001). Interestingly, the process could 
be adapted to manufacture regenerated cellulose in film form (Fink et al. 2004).  
Generally the mechanical properties of cellulose or carbohydrate films could be improved by 
fibre reinforcement (Dufresne and Vignon 1998; Curvelo et al. 2001). Hence it is possible to 
prepare a composite that has fibres embedded in a cellulose matrix via the NMMO process. 
Obviously, the raw materials used in this process are mainly from wood pulp. The cellulose 
fibres from crop plants such as hemp gain more advantages than wood pulp because of their 
short growing period. Within the same time-period, the fibre yielded 10-times the cellulose of 
wood over the same land area (Panda 1998). In addition, the strength of hemp fibres is 
suitable for reinforcement of cellulose films derived from the NMMO process.  
In summary, an all cellulose composite may obtain several advantages from an environmental 
point of view. Firstly, hemp fibre is a sustainable reproducible crop fibre that has a suitable 
strength for composite applications. Secondly, solvent used in the NMMO process is almost 
totally recovered and waste from the process can be treated efficiently. Thirdly, the formation 
of composites with the same chemical structure may improve interfacial adhesion. Moreover 
the waste management of composites of the same material causes less problems and useful 
recyclability.  
The aim of this chapter was to prepare composites with matrix and fibres derived from the 
same cellulose resource (hemp fibres) but different in crystalline structure (cellulose I and 
cellulose II). Composites containing 40% of different fibre sizes were prepared. 
Subsequently, they were fabricated and regenerated to form films or composite sheets. The 
presence of the fibres in the film matrix was expected to enhance shape stability, modulus and 
strength. The results obtained for composites and pure cellulose films have been compared. 
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Furthermore, composite properties depending on the initial fibre physical properties (surface 
area, crystallinity) were explored and discussed. 
 
 
Figure 8.1 NMMO-cellulose interaction and ternary diagram showing the effect of temperature 
on the dissolution of cellulose in NMMO. 
8.2 Experimental 
8.2.1 Materials  
Hemp (Cannabis sativa L) was obtained from Australian Hemp Resource and Manufacture 
NMMO from Aldrich Chemical Company was used as received. The dissolution of cellulose 
in NMMO solution is shown in Figure 8.1 (Woodings 2001). The interaction between 
NMMO and cellulose can be interpreted as a hydrogen bond-complex formation with a 
superimposed ionic interaction (Klemm et al. 1998). Irganox 1010 was used as the stabiliser. 
8.2.2 Pre-treatment 
The fibres were subjected to Soxhlet extraction and alkalisation using 8% NaOH solution. 
The experimental details were presented in Chapter 4. The treated hemp fibres were ground in 
an IKA MF10 cutting mill and sieved to a uniform size. This will ensure that non-cellulosic 
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components have been removed and fibres could be dispersed homogeneously in the 
composites. 
8.2.3 Dissolution of fibre using NMMO solution 
The cellulose-NMMO solution containing 12% cellulose and 0.6% stabiliser was prepared 
using the ground 200 mm hemp fibres. A three neck 500 mL round bottom flask was equipped 
with a mechanical stirrer. The reactor was equipped with a N2 purge gas inlet and a water-
cooled condenser. A mixture of NMMO powder, hemp fibres and water were transferred into 
the reactor separately then mixed gently without heating. An oil bath was used to heat the 
mixture to 140 °C. During heating of mixtures, the stirrer speed was 200 rpm and a N2 purge 
was used. The mixtures became viscose at 135 °C. Then the stirring speed was increased to 
300 rpm and a vacuum was applied to remove any water from the reactor.  
No water was found to be present. The reactor temperature was maintained at 135-140 °C 
until the fibre dispersed in the viscous solution was completely dissolved. This could be 
observed from the presence of a residue of clear brown paste. The total time for the 
dissolution of fibres was 12-15 min. The heating bath was removed and the reactor was 
allowed to cool for 5 min. Fibres were then added to the viscous paste and mixed for 3 min to 
provide 40 %wt fibre in dissolved fibres. 
8.2.4 Composite preparation 
The composites were prepared by spreading solid NMMO-cellulose-water solution on a 
heated glass slide at 85-90 °C, then covering with a poly(tetrafluoroethylene) PTFE sheet 
(Chanzy et al. 1980). The films were kept under compression to achieve a flat and smooth 
surface. After the composite films were cooled; the films were washed with a 50:50 of water-
ethanol mixed solvent. The cellulose in solutions was regenerated and the solvent (NMMO) 
was subsequently removed into solution. The composites were finally washed with deionized 
water. The composite films were left to dry overnight at room temperature (~25 °C) between 
two glass plates supported with paper. This minimised the shrinkage of composite during 
water removal. The films obtained were sealed in polyethylene film prior to further 
characterisation. A mixture of Tencel fibre and cellulose powder (Ajax chemicals) were also 
prepared and used as a reference system for quantitative evaluation of the mixtures between 
cellulose I and cellulose II in composites. Tencel fibre is of the regenerated cellulose type 
spun from a solution of cellulose in NMMO. 
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8.2.5 Characterisation 
An investigation of the structure, composition and mechanical properties of the composite 
were performed by using WAXD, FT-IR and DMA techniques, respectively. Thermal 
decomposition of composites was studied using TGA. Morphology of fibres and films were 
investigated using optical microscopy (OM), SEM and BET gas adsorption techniques. 
8.2.5.1 Mechanical properties 
The mechanical properties of all hemp cellulose composites were determined by static tensile 
testing. Gauge length of the composite sheet was set at 10 mm. The tests were carried out on a 
Rheometric DMTA IV at a speed of 0.03 mm/min. The cross section area of specimen was 
determined using a digital Mitutoyo micrometer. An average value was taken from at least 10 
specimens of each sample. The tensile creep-recovery testing was performed using a constant 
stress of 0.8 MPa for 900 s followed by 2700 s of recovery with 500 Pa applied stress.  
 
Figure 8.2 FT-IR spectra of: (a) regenerated hemp film, (b) Tencel fibre and  
(c) 8% NaOH treated hemp fibres. 
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8.3 Results and Discussion 
8.3.1 Infrared spectra  
Figure 8.2 shows the IR spectrum of NaOH treated hemp fibre in comparison with the 
NMMO regenerated cellulose film and the Tencel fibre. The 8% NaOH treated fibre showed 
the characteristic of cellulose I. However the carbonyl peak at 1740 cm-1 disappeared, 
suggesting non-cellulosic components i.e. pectin, hemicelluloses and lignin were removed by 
alkali. The great increase at the intensity at the 879 cm-1 band of regenerated cellulose 
indicated the structural transformation from cellulose I into cellulose II. Cellulose I has a 
parallel closed packed structure. The vibration of b-1,4-glycosidic linkage was limited and a 
lower intensity was obtained. A transformation to cellulose II caused a less packed structure. 
Thus the intensity of the vibration band at 879 cm-1 was increased. This was observed in a 
regenerated film from hemp and Tencel fibre.  
8.3.2 Morphology of the all cellulose composites 
Figure 8.3(a-d) shows ground hemp fibre. The original length of received fibre was ~10 cm. 
This was suitable for woven composite fabrication. A shorter length of fibre was applicable 
for a non-woven composite. The dimensions of the fibres influenced the mechanical 
properties of composites (Shibata et al. 2002). Therefore the fibre was cut and sieved. A mesh 
number presented in all figures was assigned for the fibre that was retained on the sieve.  
The distribution of various fibre lengths in ground fibre is shown in Table 8.1. A 100 mm 
length was the most common fraction. Three different lengths of 500, 100 and 45 mm fibres 
were selected as filler for all cellulose composites. The 200 mm fibres were used to prepare 
cellulose solutions. The fibres had different surface area and pore structure (Table 8.1). The 
surface area of 100 mm fibre was lower than 500 mm and 45 mm fibres respectively.  
The 500 mm fibres showed partial disintegration of fibre bundles (Figure 8.3(a)). The 100 mm 
fibres (Figure 8.3(b) showed an even size distribution with a clean cut of fibre and less bundle 
disintegration.  
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 (a) 
 (b) 
 (c) 
 (d) 
Figure 8.3 SEM images of ground hemp fibres of different sizes:  
(a) 45 mm, (b) 100 mm, (c) 200 mm, (d) 500 mm. 
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Figure 8.4 exhibits a smooth surface for all cellulose composites even though no calendering 
force was applied. Fibres were completely covered by a regenerated cellulose matrix. 
 (a)  (b) 
 (c)  (d) 
Figure 8.4 SEM images of all cellulose composites; (a) regenerated, (b) 40% of 45 mm,  
(c) 40% of 100 mm, (d) 40% of 500 mm. 
 
Table 8.1 Surface area and size distribution of ground fibres. 
BET  
Hemp fibres Specific surface 
area (m2/g) 
Pore size  
(Å) 
Volume 
(cm3/g) 
 
Sieve size 
Distribution 
(%) 
Ground mixed size (mm) 0.7871 76.8083 0.00151 100 
600 mm N/A N/A N/A 4.7 
500 mm 0.939 35.758 0.00084 3.4 
200 mm 0.601 138.807 0.00208 30.1 
100 mm 0.662 94.972 0.00157 50.7 
45 mm 1.018 98.307 0.00250 11.1 
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  (a) 
 (b) 
 (c) 
 (d) 
Figure 8.5 Optical microscopy of composites with different fibre lengths:  
(a) no added fibres, (b) 45 mm, (c) 100 mm, (d) 500 mm. 
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A light brown translucent film was a characteristic of the matrix. Therefore a further 
observation using optical microscopy was conducted to obtain internal information on the 
composite structure.  
The dispersion of fibres in the composites can be seen from the optical microscope images 
(Figures 8.5(a-d)). Small internal voids were found and distributed in the composite body. 
Escape of the solvent (NMMO) during the regeneration step may be a reason. This was 
unavoidable since the solution was at elevated temperature (Kim et al. 2002). The fibres 
exhibited a random orientation in the composites especially the composite containing 45 mm 
fibres.  
Interestingly the unfilled composites contained a small amount of short fibres (Figure 8.5(a). 
This indicated partial insolubility of the fibres when the NMMO solution was prepared. The 
insoluble fraction of fibre was determined using the following X-ray technique.  
8.3.3 Wide angle X-ray diffraction measurement 
Figure 8.6 shows the X-ray diffractograms of composites. The spectra exhibited a structural 
combination of cellulose I and cellulose II. A slight different in an intensity of the main 
crystalline plane, (002) at ~22.7° in cellulose I could be observed. This result was attributed 
to variation of fibre (cellulose I structure) composition in the composite. Cellulose II structure 
showed a main crystalline plane at a lower Bragg angle, ~20.4°.  
The X-ray scattering measurement can be applied quantitatively due to the main diffractions 
planes being present at different positions. The intensity ratio of these crystalline planes was 
applied to obtain the fraction of each composition in all cellulose composites by Gindl, W. et 
al. assuming a linear relationship (Gindl and Keckes 2005). 
A mixing of cellulose I and cellulose II was conducted by using pure cellulose I and 
regenerated cellulose II. A mixture of Ajax cellulose and Tencel fibre was prepared at various 
compositions to use as a reference material. Figure 8.7 shows the X-ray diffractogram of a 
mixture of Ajax cellulose and Tencel fibre. The ratio of intensity at 22.7° and 20.4° was 
calculated to estimate the content of each composition. 
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Figure 8.6 X-ray diffractogram of all cellulose composite containing: 
(a) no added fibres, (b) 45 mm, (c) 100 mm and (d) 500 mm fibre. 
 
 
Figure 8.7 X-ray diffractogram of a mixture of Ajax (cellulose I) and Tencel (cellulose II)  
at different compositions. 
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The relationship between intensity ratio and cellulose fraction is shown in Figure 8.8 with a 
slight negative deviation from a linear relation. The diffractogram of a reference mixture with 
Tencel composition of 60% or greater was similar to that of all cellulose composites. The 
fractions of regenerated cellulose were calculated and shown in Table 8.2.  
The unfilled regenerated film contained 85% of regenerated cellulose. This result was 
confirmed by the presence of undissolved fibre in this material observed by an optical 
microscope.  
Composites containing 500 mm fibres maintained the original composition of fibre at 60%. A 
slight reduction of fibre fraction was found in composites containing 45 mm and 100 mm. This 
supported the idea that cellulose fibres were swelled and partially dissolved during the mixing 
to prepare composites. The solvent penetrated between the molecular cellulose sheets 
(Michael et al. 2000). Although the temperature of mixing was lower than 130 °C, at which 
cellulose started to dissolve. When the mechanical shearing was applied the 12% of cellulose 
in NMMO solution was not the saturated concentration. Hence some degrees of swelling or 
dissolution may occur during the mixing, especially with a low crystallinity fibre. 
 
Figure 8.8 The intensity ratio of major diffraction plane of Ajax fibre and Tencel fibre. 
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Table 8.2 Tensile mechanical properties and X-ray intensity (I22.7/I20.4) ratio of all cellulose 
composites with different fibre length. 
Composite Modulus 
(GPa) 
Yield stress 
(MPa) 
Elongation                     
at break        
(%) 
I22.7/I20.4 
(Cellulose II content) 
Regenerated film 1.44±0.17 23.2±3.13 21.20±3.76 1.04 (84%) 
+ 45 mm 
composite 
1.82±0.27 28.9±3.63 20.75±4.66 1.44 (70%) 
+ 100 mm 
composite 
1.58±0.37 24.7±8.32 26.00±7.47 1.32 (73%) 
+ 500 mm 
composite 
1.33±0.30 25.3±2.81 20.63±4.34 1.83 (60%) 
 
8.3.4 Thermogravimetry of fibres and composites 
The differential thermogravimetry of regenerated cellulose and ground fibre is shown in 
Figure 8.9(a). The regenerated cellulose from hemp exhibited a maximum weight loss at 
359 °C. The 45 mm, 100 mm and 500 mm fibres presented a maximum weight loss at 401, 397 
and 404 °C respectively. The lesser degradation temperature of 100 mm fibres represented a 
slightly lower structural order of this fibre than the 45 mm and 500 mm fibres respectively. 
The all cellulose composites showed a broader degradation temperature (Figure 8.9(b)). This 
signified the combination of two different crystalline structures in the composites. Moreover 
the degradation temperature of the fibre component was shifted to a lower temperature.  
A significant reduction of maximum degradation temperature was found in 100 mm fibre. A 
lower structural order was indicated by a lower DTG peak of 100 mm fibre since this might be 
easier to swell by NMMO solution than the 45 mm and 500 mm fibres. The results were 
consistent with the reduction in cellulose I (fibre) composition found by X-ray measurement 
(Table 8.1).  
There was no reduction of 500 mm fibre fraction measured by X-ray. Therefore the reduction 
of the maximum degradation temperature found in 500 mm fibre may be attributed to the 
structural swelling rather than dissolution or transformation into cellulose II structure. 
Dissolution and/or swelling of cellulose fibre took place during the shear-mixing step.  
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A reduction of time and temperature of mixing was possible to control fibre fraction at a 
desired composition. Nevertheless the increase in viscosity of the solution must be 
considered. 
 
 
Figure 8.9 TGA results of: (a) different sizes of ground fibres and (b) all cellulose composites. 
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8.3.5 Mechanical properties 
8.3.5.1 Tensile mechanical properties 
Mechanical properties of the composites are shown in Table 8.2. The composition of fibre in  
the composites was fixed at 40% for all composite. Hence mechanical properties depended 
mainly on the physical properties of the fibres. The mechanical property of the matrix was 
improved as seen from an increase in modulus and yield stress of the composites, except a 
slight reduction in the modulus of the composite containing 500 mm fibre. The composites 
containing 45 mm fibre showed the highest mechanical properties improvement. This 
behaviour signified that the greater surface area and pore volume of 45 mm fibre played an 
importance role in the mechanical properties of this composite. Moreover better dispersion of 
shorter fibres was possible. In addition a change of fibre composition may cause some 
variation to the mechanical properties. Since the composite was prepared by hot pressing and 
direct regeneration by water-ethanol solution, without any calendering, the imperfection of 
composite bulk structure from a presence of internal voids may depress the mechanical 
properties from their optimum values.  
8.3.5.2 Tensile creep-recovery 
The creep-recovery experiment was conducted to investigate shape stability improvement by 
an addition of fibres into cellulose matrixcomposite. The four-element model was used to 
describe both creep and relaxation of this composite. The model consisted of Maxwell and 
Kelvin-Voigt models (Menard 1999). The model parameters were computed and they are 
presented in Table 8.3.  
The inclusion of fibre caused a reduction of the simultaneous creep strain and/or recovery 
strain (Figure 8.10). The simultaneous recovery strain was used to calculate the modulus 
(spring constant) of the first element using an applied stress of 0.8 MPa. The modulus of the 
spring element was greatly improved. This indicated the ability of the fibres to maintain their 
original shape under rapid applied tensile stress. The highest modulus was found for 45 mm 
fibre composite. This indicated the excellent interfacial adhesion present. The partial 
dissolution and inter-planar swelling of fibres may enhance the compatibility between fibre 
and matrix. Without the inclusion of fibres, the cellulose film exhibited more creep (3 times) 
under  constant  load  than the  composites. Nevertheless  the  unrecovered  strain  of  unfilled  
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composites was less than that of the composites resulting in a higher viscosity of the dashpot 
element.  
Table 8.3 Model fitting creep parameters of all cellulose composites with different fibre lengths. 
 
Composites 
Maxwell 
modulus 
(GPa) 
Maxwell 
viscosity 
(GPa) 
Voigt 
modulus 
(GPa)) 
Voigt 
viscosity 
(GPa) 
Relaxation 
Time (s) 
Regenerated film 1.60 2.15 1.72 40.98 23.89 
+ 45 mm composite 32.48 0.48 65.57 303.70 4.63 
+ 100 mm composite 9.55 0.66 6.36 111.30 17.50 
+ 500 mm composite 10.30 0.68 4.28 130.20 30.46 
 
Figure 8.10 Creep of all cellulose composites with an applied stress of 0.8 MPa for 900 s. 
The creep zone was used to calculate the viscosity of Kelvin-Voigt elements. The slope of 
this creep section indicated a flow of composite structure under tensile load. All composites 
showed a similar degree of slope but lower than regenerated cellulose film. This signified 
retardation of matrix flow by fibres when under load.  
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The creep modulus (spring constant in Voigt element) was calculated by using the recovery 
strain and the applied stress of 0.8 MPa. The recovered strain was started at ~1-2 s after the 
applied tensile stress was released. This was indicated by a deviation from the linear vertical 
line of the recovery curve. The recovered strain was observed to approach a plateau.  
 
 
Figure 8.11 Recovery of (a) 45 mm fibre composite and (b) regenerated hemp cellulose after 
removal of the applied stress of 0.8 MPa; ((¢), experimental and (¾) fitted line). 
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The significant high modulus in the 45 mm fibre composite resulted from a small recovery 
strain compared with regenerated cellulose matrix (Figure 8.11(a)). 
Since the retardation time is h/E. The retardation or relaxation time was required to obtain the 
viscosity of the dashpot element. The retardation or relaxation time is the time for the Voigt 
element to deform to 63.21% of its total deformation or recover to 36.79% of its original 
value. In this case the relaxation from recovered strain was preferred since the permanent 
(unrecovered) strain could be eliminated. The selected recovery zone of the regenerated 
cellulose and composite was fitted to calculate the relaxation time of the composites 
(Figure 8.11). The modulus and viscosity of the Voigt element of composites was increase 
(Table8.3). This signified an inclusion of fibre improved the matrix properties, especially the 
45 mm fibre. 
8.4 Conclusions 
All cellulose composites were prepared by mechanical blending between ground hemp 
(Cannabis sativa L.) fibres and cellulose-NMMO-water solution. The dissolution of fibre 
transformed cellulose I structure to cellulose II, observed by the X-ray scattering technique. 
An improvement of mechanical properties of regenerated cellulose films was obtained by the 
addition of fibres. This depended on the crystallinity and surface area of the fibres. The 
mixing caused partial dissolution and swelling of the fibre structure, especially the low 
crystallinity fibres. The TGA and X-ray scattering techniques were used to indicate the 
structural change in composites and to measure the composition of cellulose with different 
crystalline structures quantitatively. 
CHAPTER 9 
Cellulose Ester Composites 
 
9.1 Introduction 
Cellulose is becoming a favoured material from the availability and sustainability point of 
view. The price of cellulose esters is relatively lower than PLA and PHB copolymers. By 
controlling the degree of substitution (DS), a variety of cellulose ester derivatives are 
obtained. The most common commercial cellulose esters are cellulose acetate (CA), cellulose 
acetate propionate and cellulose acetate butyrate (CAB). The composite mechanical 
properties are likely to be comparable with polypropylene composites (Wibowo et al. 2004). 
Generally, cellulose acetate required plasticiser to depress the glass transition temperature 
(Tg) and obtain increased flexibility. The longer ester branches present in CAB provided 
increased flexibility and required no plasticiser for processing.  
Several fabrication techniques can be applied for preparation of cellulose ester composites, 
such as compression moulding and extrusion followed by injection moulding. The melting 
temperature of CAB is 179 °C (Mandelkern and Flory 1951). Hence the degradation of 
cellulose fibre can be minimised. The solvent casting technique can be used to avoid thermal 
degradation. Several cellulose fibres were used to prepare composites with CAB, i.e. 
nanocrystalline cellulose, bacterial cellulose (Grunert and Winter 2002; Gindl and Keckes 
2004). Nevertheless only one report on composites using hemp fibre without modification 
and size classification was found with CAB matrix (Wibowo et al. 2004). Lack of retting did 
not significantly change the reinforcing capabilities of hemp fibre. However in unretted fibre 
more cuticles and epidermal tissue remain attached to the fibre tissue and the interface 
between these two tissues was susceptible to breakdown over time (Hepworth et al. 2000). 
In the present research, we used modified hemp (Cannabis sativa L.) as a reinforcing agent in 
cellulose-based thermoplastics. The interaction between phases was expected to be improved 
by surface modification of fibres. Hence several fibre treatments were employed i.e. alkali 
treatment, enzyme scouring and mechanical grinding and ball-milling treatment. Length 
reduction was performed because the research was focused on non-woven short fibre 
composites. Hemp bast fibre has extremely long and thick cells. The mechanical grinding 
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process, therefore; provided a reduction in fibre length and resulted in better control of the 
fibres suspensions during composite formation. In addition ball-milling was employed to 
increase the surface area of the fibres and improve enzyme treatment efficiency. 
The aim of this study was to assess the mechanical properties of cellulose acetate butyrate 
composites with respect to fibre morphology, in order to determine the effect of fibre 
modification on composite properties. A solvent casting technique was selected to prepare the 
CAB composites in this study.  
9.2 Experimental 
9.2.1 Materials 
Hemp (Cannabis sativa L.) was obtained from Australian Hemp Resource and Manufacture 
CAB was purchased from Sigma Aldrich Chemical. The number average molecular weight of 
CAB was approximately 30,000 g/mol. CAB contained 12-15 %wt acetyl and 36-40 %wt 
butyryl. Tributyl citrate (TBC) was obtained from Merck.  
 
Figure 9.1 Cellulose ester structure. 
 
Figure 9.2 Tributyl citrate plasticiser. 
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9.2.2 Methods 
9.2.2.1 Fibre treatment 
The solvent extracted, mercerised and pectate lyase enzyme scoured fibres were used as 
reinforcing filler. The details of fibre modification were explained in Chapters 3, 5 and 6. 
9.2.2.2 Preparation of plasticised CAB and CAB-Hemp composite 
Cellulose acetate butyrate was dissolved in acetone at a concentration of 4.0 %wt/v. The 
plasticizer was dissolved in acetone at a concentration of 0.4 %v/v. The CAB solution and 
plasticizer solution were mixed together at different volume ratios to obtain desired 
concentrations of plasticizer in CAB. The thickness of cast plasticized CAB film was 
controlled by total volume used.  
A solvent casting technique was applied to prepare composites containing 0.40 Vf of modified 
fibre. The raw and alkali treated fibres were cut in an IKA MF10 cutting mill and sieved to 
provide a size range between 45 and 500 mm. After enzyme treatment ground fibres were 
sieved and a size of ~100 mm was selected. The ballmilled fibres were used as received from 
330 min ball-milling and after enzyme treatment. The density of all modified fibres was 1.50 
g/cm3 (Mwaikambo and Ansell 2001b). The total volume of mixture was calculated to obtain 
a composite thickness equal to 0.08 mm. The fibres were mixed with the CAB solution in a 
test tube. The vortex mixer was used to assist thorough mixing of components in the test tube 
before pouring into a petri disk to cast a film. The cast composites were then pressed to have 
more compact structure by hot pressing at 180 °C with an applied pressure of about 4.5 tonne 
(68.4 MPa) for 3 min. 
9.2.3 Measurement 
9.2.3.1 Mechanical property measurements 
The static and dynamic mechanical property measurements were carried out using a 
Rheometric DMA IV in tension mode. The specimen dimensions were 15 × 2 × 0.08 mm  
measured by a Mitutoyo digital calliper model PK-0505 with a minimum reading of 0.01 mm. 
In the static operation at 25 °C, the strain rate was 0.03 mm/min. The frequency was 1.0 Hz in 
the dynamic experiments with 0.05% strain amplitude. Temperature programs for dynamic 
tests were from 25-165 °C at a heating rate of 2 °C/min. The mechanical properties were 
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reported from an average of five measurements in the static test and three measurements in 
the dynamic tests. 
9.2.3.2 Thermogravimetry and morphological analysis 
Thermal degradation dependence on plasticiser was investigated using TGA. Morphologies of 
composites were monitored by SEM. The measurements were conducted according to the 
procedure presented in Chapter 3.  
9.3 Results and Discussion 
9.3.1 Mechanical properties of CAB cast film and composites 
9.3.1.1 CAB film with different thicknesses 
Figure 9.3(a-c) shows the tensile mechanical properties of CAB film depended on the film 
thickness. The CAB films were prepared in a range of 0.02-0.2 mm. The thinnest film showed 
the best mechanical properties. A great reduction in mechanical properties was found when 
the thickness increased from 0.02 to 0.08 mm. A further slight decline was present with an 
increase of film thickness from 0.08 to 0.2 mm. This indicated that greater bulk density was 
present in thinner films. 
Dynamic mechanical testing was performed at an oscillation of 1 Hz to obtain a change of 
complex modulus versus temperature. Figure 9.4(a-b) shows the temperature dependence of 
both the storage modulus and loss modulus of various CAB thicknesses. The storage modulus 
of 0.2 mm thick CAB film started to decrease at a lower temperature than 0.12 and 0.08 mm 
thick films respectively. It was concluded that thinner (0.08 mm) CAB film offered better 
thermal characteristics than the thicker film (0.2 mm).  
The broadening of dynamic mechanical spectra was due to varying crystallinity. The 
broadening of the peak resulted from restriction of long-range segmented motion in the 
amorphous phase by the remaining crystals (Ward and Sweeney 2004). However the start of 
the peak in thicker film (0.2 mm) was lower than the thinner film (0.08 mm). Therefore a less 
ordered structure was present in thicker film. The rapid decrease in storage modulus and the 
peak in the loss modulus were used to locate the (Tg). The Tg of CAB was ~127 °C. Since the 
hemp fibre has a diameter between 70 to 100 mm. This limited the minimum possible 
composite thickness containing one layer of fibre. Hence a thickness of 0.08 mm was selected 
to be a target for composite preparation. 
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Figure 9.3 Static tensile mechanical properties of cellulose acetate butyrate film  
at different thicknesses. 
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Figure 9.4 Temperature dependence of the storage modulus and loss modulus of cellulose 
acetate butyrate with different thicknesses (frequency: 1 Hz). 
9.3.1.2 CAB film with different plasticiser contents 
TBC was employed as a plasticiser for CAB matrix. The plasticiser content effect on the 
mechanical properties of plasticised CAB film is shown in Figure 9.5(a-c). Mechanical 
property reduction was observed from 0.1 Vf TCB. Further increases in TBC content 
produced lesser reductions in mechanical properties. The increase in plasticiser content 
improved the flexibility of CAB film especially at 0.3 Vf composition. The amount of TBC 
was limited at 0.3 Vf since film could not be obtained at 0.4 Vf. 
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Figure 9.5 Static tensile mechanical properties of cellulose acetate butyrate film at different 
plasticiser contents. 
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The dynamic mechanical properties of CAB films at different TBC concentrations are shown 
in Figure 9.6(a-b). Tg of CAB shifted to a lower temperature with an increase in TBC content. 
TBC showed good plasticiser efficiency for CAB. The lowering of Tg differed when there 
was an increase in CAB thickness. 
 
 
 
Figure 9.6 Temperature dependence of the storage modulus and loss modulus of cellulose 
acetate butyrate containing various tributyl citrate (TBC) contents (frequency: 1 Hz). 
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9.3.1.3 CAB composites of different fibre modification and size  
Figure 9.7(a-b) shows tensile mechanical properties of CAB composites in static mode. The 
modulus of composites was increased in general, although a reduction of yield stress was 
found. The increase in composite mechanical properties was moderate compared with matrix 
properties, but far below the fibre properties (Table 9.1). 
 
 
Figure 9.7 Static tensile (a) modulus and (b) yield stress of cellulose acetate butyrate composites 
with different modified fibres. 
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Table 9.1 Physical property of modified fibres. 
Applied modification 
Modulus 
(GPa) 
Stress at break 
(GPa) 
Elongation 
(%) 
Specific surface area 
(m2/g) 
Untreated(a) 42.80±6.68 1.20±0.33 2.34±0.47 0.334, 0.787(c), 3.712(d) 
Acetone extracted (a) 92.40±40.20 1.63±0.42 1.98±0.51 0.608 
8% NaOH treated (a) 29.00±9.98 1.12±0.42 4.08±1.06 0.257 
Enzyme scoured (b) 91.41±17.14 0.97±0.11 1.20±0.39 0.555 
(a) (Ouajai et al. 2004), (b) (Ouajai and Shanks 2005), (c) ground fibre, (d) 330 min Ball-milled fibre 
A small increase in mechanical properties was found in CAB composites reinforced by 
cellulose nanocrystals (Grunert and Winter 2002). A significant improvement of mechanical 
properties has been observed in plasticised cellulose ester composites, where the matrix had 
lower mechanical properties than the CAB matrix used in this work (Choi et al. 2004). The 
testing of cellulose composites in tensile mode gave a smaller improvement of mechanical 
properties than where in test was in flexural mode (Shibata et al. 2001). 
Composites of alkali treated fibres of 45 mm length provided the highest modulus. A higher 
specific surface area and greater control of fibre suspension prior to composite consolidation 
were found to more effectively enhance the properties. Conversely a composite containing the 
longest fibres, 500 μm showed the lowest modulus and yield stress. A low packing of fibre in 
this composite was the reason for diminished properties. The distribution and orientation of 
fibre was restricted compared with shorter fibres.  
Modified fibres of similar fibre length, 100 mm, exhibited mechanical properties that 
depended on the fibre modification and/or initial mechanical properties of the fibres. 
Differences in mechanical properties of the fibre will cause variation in composite mechanical 
properties. The mechanical properties of various modified fibres are shown in Table 9.1. 
Scourzyme treated fibre and raw hemp have superior adhesion between fibre and CAB matrix 
compared with alkali treated fibre. Only the tensile modulus was taken into account, for the 
modified fibres. 
A comparison could not be clearly made since the mechanical properties of modified fibres 
were different. Moreover the yield stress of untreated hemp composites became higher than 
composites containing Scourzyme treated fibre. This result was unexpected but is explained 
the significant increase of tensile stress of the fibres after acetone extraction as shown in 
Table 9.1. Mixing untreated fibre in acetone-CAB solution can provide additional acetone 
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extraction during CAB adsorption. This resulted in mechanical properties improvement, 
especially yield stress. The modulus of acetone treated fibre and Scourzyme treated fibre were 
now comparable, though no difference in the modulus of composites from these fibres was 
observed. 
The toughness or area under the stress-strain curve of enzyme scoured fibre composites was 
40% higher than untreated fibre composites. This indicated the greater energy adsorption in 
composites. The higher toughness of composites containing enzyme treated fibre may arise 
from better interfacial adhesion. Pectate lyase enzyme was preferred for specific attack on, 
and gradual removal of, the nonesterified fraction from pectin. After treatment some pectin 
remained, but with a high degree of methyl ester content (Ouajai and Shanks 2005). The 
esterified pectin in the fibres may be improving the adhesion found with CAB.  
Interestingly the composite of alkali treated fibre of 500 mm length gave the highest 
toughness of 50% compared with untreated fibre of 100 mm length. This was because this 
composite did not break immediately after reaching the yield stress. Conversely a composite 
containing alkali treated fibre of 45 mm length had 40% lower toughness. A preferential 
fabrication technique is suggested to achieve better fibre distribution and compaction, and to 
provide optimal properties. 
The results of dynamic mechanical analysis are shown in Table 9.2. The storage modulus at 
30 °C for composites containing alkali treated fibre of 45 mm length showed the highest 
values, followed by the Scourzyme treated fibre composites. This was consistent with the 
modulus obtained from the static tensile test. Tg was obtained from the damping peak in the 
loss modulus curve. The Tg of CAB matrix slightly declined with an inclusion of fibre. 
9.3.2 Morphology of modified fibre and CAB composite 
Figure 9.8(a-b) shows the surface of a CAB film with no plasticiser and containing 0.3 Vf of 
TBC. Figure 9.9 (a-f) shows a composite of alkali treated hemp with CAB. The fibres are 
observed to be inefficiently packed in the composites (Figure 9.9(a), (c) and (e)) after acetone 
evaporation. 
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Table 9.2 Dynamic mechanical properties of CAB composite 
Storage modulus (MPa) at selected temperature (°C) CAB 
+ modified hemp fibre 30 55 80 105 130 155 
Tg 
(°C) a 
CAB without fibre 1010 870 712 683 302 N/A 127.38 
+ Untreated 816 771 708 610 108 0.40 124.51 
+ Scouring 1040 935 803 637 136 0.62 126.02 
+ Alkalised, 100 mm 565 546 507 448 100 0.90 124.27 
+ Alkalised, 500 mm 401 406 404 377 117 3.11 127.19 
+ Alkalised, 45 mm 1110 1120 1110 1010 209 0.52 125.75 
+ Ball-milled untreated 455 540 475 391 43.3 0.21 123.70 
+ Ball milled scouring 904 908 883 778 111 0.18 124.27 
a Obtain from loss modulus peak 
 
 (a) 
 (b) 
Figure 9.8 SEM images of CAB film (a) without TBC and (b) 30% TBC. 
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 (a)  (b) 
 (c)  (d) 
 (e)  (f) 
Figure 9.9 SEM images of cast and compressed CAB composite with alkali treated hemp fibre  
of size (a-b) 500 mm, (c-d) 100 mm and (e-f) 45 mm. 
Hot pressing was introduced to obtain better packing in composites (Figure 9.9(b), (d) and 
(f)). Nevertheless diminutive voids remained after hot compression, especially for composites 
containing fibre of 500 mm length. Lower mechanical properties of composites than expected 
may be attributed to the voids.  
The composites containing shorter length fibres showed smoother surfaces. This indicated 
better fibre packing resulting in increased mechanical properties.  
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 (a)  (b) 
 (c)  (d) 
Figure 9.10 SEM images of cast and compressed CAB composite with (a-b) untreated ball-
milled hemp and (c-d) Scourzyme treated ball-milled hemp. 
Ball-milling was employed to achieve smaller fibre length and greater surface area. This 
resulted in a uniform distribution of fibres and reduced void content (Figure 9.10(a-d).  
Fracture surfaces of composites are shown in Figure 9.11(a-c). Different fibre treatments 
produced composites with different failure mechanisms. The untreated fibre and alkali treated 
fibre composites showed fibre pull-out of the fracture surface. Smooth interfacial cracking 
and fibre tearing were observed in untreated fibre composites (Figure 9.11(a)). This indicated 
a low interfacial adhesion with CAB matrix. The alkali treated fibre had better interfacial 
adhesion since no fibre-matrix interfacial cracking near the fracture surface was observed 
(Figure 9.11(b)). In addition a rough surface of embedded fibres should enhance mechanical 
interlocking with the matrix (Mwaikambo and Ansell 2001a). The lower mechanical 
properties of alkali treated fibres may result in lower mechanical properties of this composite.  
The greater mechanical properties of composites containing untreated hemp are attributed to a 
combination of fibre mechanical properties by acetone extraction followed by interfacial 
adhesion improvement. Interestingly the fracture surface of composites containing enzyme 
treated fibres showed fibre fracture (Figure 9.11(b)) instead of fibre pull-out. This observation 
confirmed the better adhesion in this composite.  
 148
The observed fracture surfaces were generally where fibres were aligned perpendicular to the 
tensile force. This is the alignment where fibres have a limited ability to transfer stress along 
the fibre, resulting in the lower mechanical properties. This problem may be solved by 
making a multi-layer composite to increase the number of fibres in the stress direction. 
 (a) 
 (b) 
 (c) 
Figure 9.11 SEM images of tensile fracture of CAB composites containing (a) untreated,  
 (b) alkali treated and (c) Scourzyme treated fibre. 
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9.3.3 Thermal stability of CAB 
Figure 9.12 shows CAB film has a main degradation present at ~350 °C. Plasticised CAB 
film showed weight loss at lower temperature, 175-180 °C due to volatilisation of TBC. 
Weight loss at lower temperature is proportional to the amount of plasticiser used. Weight 
loss at about 100 °C in un-plasticised CAB was rarely observed in plasticised films, 
confirming the replacement of moisture by plasticiser. The presence of TBC lowered the 
degradation temperature of CAB films. This may be attributed to the greater accessible area 
of CAB film after plasticiser volatilisation. Processing of CAB containing TBC at the Tg of 
CAB was possible since no loss of plasticiser occurred. Moreover the temperature can be 
reduced according to the amount of TBC. 
 
Figure 9.12 Thermal stability of the plasticised cellulose acetate cast film. 
9.4 Conclusions 
Composites of cellulose acetate butyrate containing 0.4 Vf of modified hemp cellulose with 
alkali, pectate lyase enzyme scouring and ball-milling treatment were prepared by solution 
casting and subsequent hot compression. The mechanical properties of the composites were 
investigated using static and dynamic tensile testing. The mechanical properties of the 
composites depended upon the applied modifications and fibre length. Treatment of fibre by 
pectate lyase enzyme improved mechanical properties of these composites with cellulose 
acetate butyrate. Melt processing may be preferable to achieve better mechanical properties. 
CHAPTER 10 
Conclusions
 
10.1 Overview 
The thesis aimed to study the pretreatment and modification processes on the structure and 
properties of cellulose fibres and the biopolymer composites made from the modified fibre. 
Chapters 4, 5, and 6 describe the experiments performed on fibre modifications and 
characterisations for composite applications. Chapter 7 presented the thermogravimetry of 
the modified fibre from different treatments conducted in Chapters 4, 5 and 6. Composites 
of the modified fibres using the regenerated cellulose and a cellulose ester as a matrix were 
prepared. The effects of fibre modifications on the tensile mechanical properties of the 
composites were discussed in Chapters 8 and 9. Individual conclusions have been presented 
for the research described in each chapter. Inclusive conclusions are presented in the 
following section expressing the inter-relationship between results and relating to objective 
of the thesis.  
10.2 Conclusions 
10.2.1 Modifications of fibres  
The treatments of hemp fibre for composite applications were conducted using solvent 
extraction, alkalisation, acrylonitrile-grafting, pectate lyase enzyme scouring and mechanical 
ball-milling. The selected processes i.e. solvent extraction, a low-pressure solvent-free 
grafting technique and single pectate lyase enzyme have less effect on the crystalline 
structure of cellulose fibres than the mercerisation process. The surface morphology of 
fibres improved significantly as seen from the SEM images and the BET specific area 
results. These signified that the processes were applicable to prepare fibre for composite 
usage. Applying the mechanically disintegrated fibre to the enzyme treatment enhanced the 
reactivity resulting from purer cellulose, and cleaner fibres with higher surface area. The 
enzyme treatment was specific for pectins and provided a novel and environmentally 
friendly process.  
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10.2.2 Characterisation of modified fibres 
The morphological, physical, mechanical and thermal properties of modified fibres were 
monitored intensively using FT-IR, WAXD, SEM, BET, TGA and tensile mechanical 
testing techniques. Combinations of these techniques gave an understanding of property 
changes in fibres after the modifications.  
The FT-IR explicitly indicated the presence of introduced functional groups or the retained 
non-cellulosic chemicals such as polyacrylonitrile and pectin respectively. In addition, 
structural information could be obtained by a calculation of IR lateral crystallinity index. 
This result was consistent with the X-ray crystallinity index. It is interesting to note that a 
new method for the calculation of the crystallinity index called X-ray crystalline order index 
was established in this research. Thermogravimetry revealed that thermal degradation of 
hemp depended mainly on the cellulose structure and the content of non-cellulosic 
components that were present in the fibre.  
Tensile mechanical testing using single fibre-bundle was a direct and suitable method to 
obtain  dependence of treatment, structure and composition on the mechanical properties of 
fibres.  
10.2.3 Properties of modified fibres and composites  
Removal of non-cellulosic components from fibre surfaces caused some changes to the fibre 
properties. This depended on the applied methods. Cleaning and disintegration of fibre 
bundles improved the thermal stability and the specific surface area of fibres. This provided 
a suitable fibre surface for composite preparation. The enzyme scoured fibres provided the 
greatest improvement of purity and thermal stability. A decline of mechanical properties of 
modified fibre depended on the degree of structural disruption and the amount of non-
cellulosic components removed by the treatments. 
The improvement of mechanical properties especially creep properties of regenerated 
cellulose films prepared by the NMMO process was obtained by an addition of fibre. This 
depended on the fibre length and the fraction of fibre in composites. The mixing caused a 
partial dissolution and swelling of fibre structure. The TGA and X-ray scattering techniques 
were used to indicate the structural change in composites and to measure the composition of 
cellulose with different crystalline structures quantitatively.  
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The composites of cellulose acetate butyrate and modified hemp cellulose were prepared by 
solution casting. Mechanical properties and thermal stability of plasticised composites were 
decreased. Inclusion of various modified fibres at 0.4 Vf without using plasticiser improved 
mechanical properties of the matrix. The mechanical properties of the composites depended 
upon the applied modifications and fibre length. Composites containing pectate lyase 
enzyme treated fibres showed better mechanical property improvement than untreated and 
alkali treated fibres respectively.  
10.3 Suggestions for further research 
10.3.1 Modification processes 
The modifications were gradually developed in this research to obtain an acceptable fibre 
quality for composite applications. A gentle treatment using pectate lyase enzyme showed a 
clean surface and well separated fibres. After the treatment, some pectin still existed with a 
high degree of methyl ester content. The enzyme was preferred for specific attack on, and 
gradual removal of, the nonesterified fractions of pectin structures within the cellulose 
fibres. Therefore, no further modification was required in this research since a cellulose ester 
matrix was chosen. However the application for other matrix polymers may need further 
modifications. The ground and ball-milled hemp fibre provided better enzyme treatment 
without stirring in the reaction. Agitation may be applied during treatment. This might 
reduce treatment time and/or required a lower enzyme concentration. 
10.3.2 Composite preparation and characterisation 
Composites were prepared manually using laboratory scale hot pressing and solvent casting. 
These methods limited the fibre distribution and reproducibility. In addition, a presence of 
voids was a consequence of the composite formation method. Melt processing may be 
preferable to achieve a well compacted composite with a minimum of defects. This would 
result in better mechanical properties for the composite. Furthermore preparation of multi-
layered composites is recommended in order to increase the number of fibres in the stress 
direction. The thesis focused on the modifications and characterisation of cellulose structure 
and properties. Properties of fibres were investigated and this information is now available. 
However, no direct investigation of interfacial adhesion between fibre and matrix in the 
composite was conducted. Therefore this property is recommended to be investigated in the 
future. 
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